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Abstract
Oxygen indicators are one of the most common forms of intelligent packaging but 
despite considerable literature and commercial examples, current technologies are 
often unsuited for the desired applications owing to storage problems, reversibility, or 
high sensitivity to oxygen.
Polyviologens were synthesised and their electrochemistry analysed by cyclic 
voltammetry. Polyviologens show single electron reduction to a stable radical cation 
that has an intense violet colour. This radical reacts readily with molecular oxygen to 
regenerate the oxidised polyviologen. The polyviologens are therefore of interest as 
the electrochrome in an oxygen indicator. Polyviologens were formulated into 
oxygen indicators that were triggered by UV light. The oxygen indicators based on 
polyviologen electrochromes were more efficient in the trigger step compared to 
methylene blue.
The reduced forms of polyviologens and methylene blue are highly reactive to oxygen 
and these oxygen indicators become completely oxidised at oxygen concentrations 
below 0.05%. There are applications where higher residual oxygen levels are 
acceptable and therefore these indicators would be too sensitive. Furthermore, where 
an oxygen scavenger is used the time required for the scavenger to remove residual 
oxygen could trigger the indicator prematurely.
To decrease the sensitivity of the oxygen indicator to oxygen, electrochromes with 
more anodic redox potentials were trialled. Thionine and dicyanodimethylviologen 
dimeylsate were incorporated into oxygen indicator formulations and their sensitivity 
to oxygen investigated. These electrochromes showed a decreased sensitivity to 
oxygen; thionine detected oxygen above 0.9-2.45% and dicyanodimethylviologen 
dimeylsate above 4.00%. Oxygen indicators based on these electrochromes could 
therefore be used when higher oxygen concentrations are permissible.
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As another intelligent packaging application, a high pressure pasteurisation indicator 
was discussed. An indicator is required to visually display that the package has been 
pasteurised to the correct high pressure conditions. Initial research into the production 
of an indicator compound based on the pigment perylenetetracarboxylic anhydride 
was investigated.
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Executive Summary
The preservation of food and beverage products has been influenced by a number of 
factors. Consumer and industrial production trends have generated a move towards 
market globalisation and milder preservation techniques (Dainelli 2008). There are 
also changes in the life-styles of consumers, such as reduced time and patience to 
shop daily for fresh foods, and convenience of pre-prepared meals (Rauhala and 
Clegg 1978, Eilert 2005, O’Mahony et al. 2005). This has led to growing use of 
modified atmosphere (MA) packaging which preserves the product, for example, by 
eliminating oxygen which is responsible for growth of spoilage microbes and direct 
oxidative spoilage resulting in the generation of off-odours, off-flavours and 
undesirable colour changes (McMillin 2008, Brody 2008).
As the packaging and the MA are now responsible for preservation and shelf life of 
the product it is important to be able to verify the integrity of the packaging. If the 
packaging has been ruptured and the MA contaminated by ingress of other gases then 
the shelf life of the product will be adversely affected. Current commercially 
available techniques involve destructive head space analysis of a sample of the 
packages. Often carbon dioxide contribution is analysed by FT-IR and oxygen levels 
determined electrochemically. Since this is an invasive process the tested package 
and food must be discarded. This method of quality control (QC) is not ideal since 
the sample is assumed to be representative of a whole packaging batch. There are 
high associated losses, additional incurred costs and reduced confidence for the 
current method of testing (Mills 2005, FBI Dansensor 2009). There is a requirement, 
therefore, to produce a means to determine cheaply and non-destructively if the MA is 
still intact and preserving the product. When the packaging is able to analyse the 
environment within the product and convey this information to an operator or 
customer this is called intelligent packaging (Yam 2005, Brody 2008). Examples of 
intelligent packaging are oxygen indicators or ethylene indicators.
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Many oxygen indicator devices have been proposed for inclusion into food packaging, 
but limitations due to cost and reliability are important (Yoshikawa et al. 1979, 
Hatakeyama et al. 2004). A printing ink with oxygen indicative properties has been 
broached as a cheap method of producing an oxygen indicator suitable for food 
packaging. However, current systems have limitations, such as storage problems, lack 
of reversibility, and the flexibility to use in conjunction with other smart packaging 
technologies, such as an oxygen scavenger system. The Mitsubishi system uses a 
reducing agent to generate the reduced species of electrochromic dye which can then 
interact with oxygen present in the packaging to regenerate the original dye and its 
perceived colour (Mills and Lee 2003, Piletsky 2006).
The Strathclyde system is based on the Mitsubishi system but incorporates a 
semiconductor as a triggered mediator in the reducing process (Mills 2003). The 
work carried out here set out to improve the Strathyclyde oxygen indicator by 
incorporation of electrochromic polyviologens. The polyviologens are ionene type 
polymers produced by condensation polymerisation of 4,4’-bipyridine and an alkyl 
dihalide or ditosylate. Polyviologens retain the redox properties of the viologen 
parent compounds. Polyviologens were prepared here and their degree of 
polymerisation determined by !H NMR end group analysis. For poly(butylviologen 
dibromide) the degree of polymerisation was seen to increase from 3 to 8 when the 
solvent dimethylformamide was used instead of acetonitrile. The degree of 
polymerisation was also increased when synthesised from butyl ditosylate to produce 
poly(butylviologen ditosylate), which had a degree of polymerisation of 14. The 
electrochemistry of the polyviologens in aqueous solutions was analysed using cyclic 
voltammetry.
The trigger process of the Strathclyde system when the electrochrome was a 
polyviologen was seen to be improved greatly in comparison to methylene blue. This 
is due to the ease in which the polyviologens are reduced. It is also related to their 
opposite colouration, compared to methylene blue, whereby polyviologens are leuco 
in the oxidised state and deeply coloured in the reduced state. This facilitates the 
appearance of colour contrast during the reduction step as all the electrochrome in the
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system does not need to be reduced for a colour appearance to occur. For methylene 
blue a greater proportion of the dye needs to be reduced to achieve a perceivable 
colour change to the human eye. The polyviologens can therefore be used in the 
Strathclyde system when food products are sensitive to UV exposure associated with 
the photoreduction step.
Trials of the indicators based on polyviologens and methylene blue showed that they 
are sensitive to very low oxygen concentrations and display the presence of oxygen at 
-0.05%. These indicators are therefore unsuitable for applications where higher 
oxygen concentrations are permissible or an oxygen scavenger is used. Fruits and 
vegetables can be packed at low oxygen concentrations to reduce respiration and the 
associated production of ethylene. These processes result in depletion of the water 
and nutrients of the product leading to loss of product weight and a wilted or 
shrivelled unmarketable product. Examples of MA fresh produce are avocados 
packed at 2-5% oxygen and chilli peppers packed at 5% oxygen. In India, the 
world’s largest fruit producer, 20-22% of produced fruits are lost due to post harvest 
spoilage (Sandhya 2010).
If the electrochrome in the oxygen indicator had a more anodic redox potential it 
would be comparatively more stable in the reduced form i.e. the reduced species is 
less likely to act as a reducing agent and be oxidised. In this case the electrochrome 
would produce an indicator that would be less sensitive to oxygen. Larger 
concentrations of oxygen will need to be present for the electrochrome to be oxidised 
and display the presence of oxygen. This is the case as long as the reduction potential 
of the electrochrome is more cathodic than the reduction potential for the reduction of 
oxygen.
Two electrochromes were identified with relatively anodic redox potentials, thionine 
and the viologen dicyanodimethylviologen dimesylate. These electrochromes were 
incorporated into the Strathclyde formulation and their interaction with oxygen at low 
concentrations was analysed. The reduced form of thionine was seen to persist until 
the oxygen concentration exceeded between 0.90 and 2.25% oxygen. The reduced 
form of dicyanodimethylviologen dimesylate was seen to persist above 4.00%
URN 3551229 xix
oxygen, but the intensity of the colour was seen to gradually decrease between 1.16 
and 4.00%. These indicator formulations could therefore be used to detect oxygen 
when concentrations above 0.05% are permissible. There is also the possibility 
dicyanodimethylviologen dimesylate based indicators could be used quantitatively to 
measure oxygen if the decrease in intensity of the indicator was seen to be directly 
dependent on oxygen concentration.
URN 3551229 xx
Chapter 1: Introduction
Chapter 1: Introduction
1.1 Food packaging
Often taken for granted, packaging is important for a lot of the quality we expect from 
food and beverage products. In the United States based on 2004 figures, food and 
beverage packaging represents 55 to 65% of the $130 billion value of packaging and this 
represents 8% of every dollar spent on food and beverages (Brody 2008). Traditionally, 
packaging fulfils four basic roles: containment, protection, communication and 
convenience. On the simplest scale the packaging acts as a barrier; protecting the food 
from outside contamination, such as microbes and chemicals reaching sterilised or 
cleaned food. Such contamination would degrade the quality of the food, or possibly 
make it unsafe to eat. Especially in the information driven culture of today, important 
safety and nutritional information about the food is often conveyed through the packaging 
medium, such as printed labels and branding (Tam 2005, Dainelli 2008).
Due to consumer expectations for luxury and convenience in modem society, there is a 
demand to expand the functionality of food packaging and the type of product that can be 
sold. Vegetables can be pre-washed and prepared to save the consumer time in food 
preparation. The packaging in this case by necessity is responsible for keeping the 
vegetables clean so that they don’t need to be washed again by the consumer. Ready­
made meals are popular, where the packaging must be stable during pasteurisation and 
cooking, by both conventional and microwave ovens (Rauhala and Clegg 1978, Eilert 
2005, O’Mahony et al. 2006). Another driving force for the development of new 
packaging concepts is globalisation of the market; resulting in longer distribution chains 
and requiring extended shelf-life whilst still maintaining quality and food safety (Dainelli 
2008). A new era of ‘active’ and ‘intelligent’ smart packaging has come. Active 
packaging is where the packaging is working actively to help preserve the contents. 
When the packaging is able to analyse the environment within the product and convey 
this information to an operator or customer this is called intelligent packaging (Yam et ah 
2005, Brody 2008).
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When the packaging is an air-tight enclosed environment it is possible to help preserve 
the contents. In modified atmosphere (MA) packaging the gases of the atmosphere 
within the package are altered to contribute to the preservation of the product (McMillin 
2008). Oxygen is responsible for many degradation processes of food such as lipid and 
fat oxidation and is also vital for the growth of aerobic bacteria that cause food spoilage 
in the form of off-odours, off-flavours, undesirable colour changes, and reduced 
nutritional quality (Brody 2008). Food products which are susceptible to oxidative 
processes or aerobic bacterial growth can be packaged in oxygen reduced atmospheres to 
extend their shelf life. Removal of oxygen is carried out by vacuum pumping the 
ambient atmosphere out of the unsealed package and then filling the packaging with a 
MA such as nitrogen or carbon dioxide. Nitrogen is relatively unreactive and carbon 
dioxide is useful as it extends the lag phase of bacterial growth and decreasing the growth 
rate (Smolander 1997). Examples of MA compositions and the food groups they are used 
to preserve can be found in Table 1.1, the average lifetimes in air and in MA packaging is 
also included (Yam et al. 2005, Mills 2005, O’Mahony 2006).
Table 1.1: Example gas compositions for food groups commonly preserved by MA 
packaging.
Product
Gas Composition (%) Shel f Life
C 02 0 2 n 2 In Air In MAP
Red Meats 
White Fish 
Poultry
Cooked Meats 
Dairy Products 
Bakery Products 
Dried Food Products
20-40
35-45
25-35
25-35
10-40
50
60-80
25-35 25-35
65-80
65-80
60-90
50
100
2-3 days 
2-3 days 
4-7 days 
7-21 days 
4-14 days 
4-14 days 
4-8 months
5-8 days 
4-6 days 
10-21 days 
21 -49 days 
14-21 days 
28-84 days 
1 -2 years
When the integrity of the package is relied upon to preserve the food, there is a higher 
expectation on the packaging materials to ensure that integrity is maintained i.e. diffusion 
of gases through the materials, ruptures of the packaging and failures during packaging 
process. Possibly more importantly, if the packaging fails to maintain the MA packaging
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environment, then this should be easily discernable so that the packaging can be removed 
from circulation or repackaged (Mills 2005, Yam et. al 2005).
Current methods of analysing the atmosphere within MA packaging are often destructive. 
Roughly 1 in every 300-400 packages are analysed using sampling techniques that break 
the seal of the package and analyse a sample of the gas for its composition. These tests 
are called headspace analyses. Often carbon dioxide contribution is analysed by FT-IR 
and oxygen levels determined electrochemically (Mills 2005, Anonymous 2009). Since 
this is an invasive process, the tested package and food must be discarded. This method 
of quality control (QC) is not ideal since the sample is assumed to be representative of a 
whole packaging batch. If one package fails a whole batch must be destroyed or 
repackaged. However, it is not always the case that one failure is representative of an 
entire batch, and also many package failures could go by without being detected. There 
are therefore high associated losses, additional incurred costs and reduced confidence for 
the current method of testing. To reduce waste and increase reliability, a simple and low 
cost method of analysing each MA package needs to be developed. Many types of 
sensors and indicators have been proposed (Mills 2005, O’Mahony 2006) which has 
resulted in, for example, research into Intelligent Packaging. As well as sensors and 
indicators for MA gases, such as oxygen and carbon dioxide, other smart packaging 
applications of interest are (Yam et al. 2005):
• Time Temperature Indicators (TTI) which give an indication of the time and 
temperature conditions a package has been in the supply chain
• Scavengers, such as for oxygen to remove excess unwanted MA gases and 
ethylene which is a food degradation product which further promotes the 
degradation of food
• Barrier films, which reduce the permeability of the packaging to oxygen or 
moisture so the conditions within the MA package stay optimum for longer.
Environmental concerns, such as the amount of packaging materials that end up in land­
fill, have also been driving changes in food packaging. Main methods of decreasing
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packaging waste are reducing the amount of packaging used and increasing the amount 
that is recycled. This introduces new problems for packaging materials. For example, 
decreasing the amount of packaging by using thinner materials. However, the packaging 
still needs to perform to the same specification, i.e. low oxygen migration (Marsh and 
Bugusu 2007). One example of packaging reduction is coffee refill packs.
1.2 Oxygen Sensors and Indicators
There are many different methods of quantitatively or qualitatively analysing for oxygen. 
A review of the current oxygen indicators follows, divided into fluorescence based 
indicators and colorimetric indicators. For an indicator to be useful in the MA packaging 
food industry it needs to be cheap and require no intrinsic power source. Legislation also 
demands that packaging results in no contamination of the food product (Dainelli et al. 
2008). There are also additional complications due to oxygen scavenging, either by a 
deliberate oxygen scavenger, such as ferrous oxide or oxidisable polymer (Ebner and 
Berrier 2005) or undesirable microbial aerobic respiration. Some methods of packaging 
allow a small amount of oxygen to remain; this is then removed to specification by the 
use of an oxygen scavenger, to as low as 0.05% oxygen (Mohan 2009, Brandan 2009,). 
Oxygen scavengers are also used to remove small amounts of oxygen which migrate 
through the packaging materials throughout the shelf life of the packaging (Amberg- 
Schwab et al. 2009). Microbial growth should not interfere with the positive indication 
of oxygen. If there is an initial rupture of the packaging and the carbon dioxide level 
decreases then microbiial growth can be initiated. Bacteria then respire aerobically, 
effectively scavenging oxygen as it enters the package, and decreasing the concentration 
within the package (Smolander 1997). For this reason an irreversible cumulative oxygen 
indicator is required, which has enough stability to oxygen to be compatible with an 
oxygen scavenger.
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1.2.1 Fluorescence Oxygen Indicators
Fluorescence based oxygen sensing techniques measure the decay in fluorescence of a 
dye over a period of time after an excitation step (Yamagishi et a l 1996, Papkovsky et. al 
2000). Often the decay in fluorescence to 1/e, where e is the mathematical constant 
-2.178, of its original intensity (effectively -37%) is used. Oxygen is a triplet molecule 
and therefore when it collides with an excited fluorescent species the energy is 
transferred, effectively quenching the signal and increasing the rate of decay. As the 
oxygen concentration is increased there are more oxygen triplets to quench the 
fluorescence and therefore the rate of decay is increased (Ocean Optics 2007). The 
quenching of the fluorescence can be related to the partial pressure of oxygen in an 
atmosphere using Equation 1.1 (Mills 2005):
Equation 1.1: I0/I = t0/t + (KSv x p 0 2)
Where lo and I and to and t are the luminescence intensities and excited states half-lives in 
the absence and presence, respectively, of oxygen at a partial pressure of p 0 2, and Ksv is 
the Stem-Volmer constant of the quenching reaction. The decay of fluorescence of a 
species excited by a light pulse with and without oxygen present is shown in Figure 1.1.
Light Pulse
F lucrescense decay  
without oxygen
Fluorescense decay  
with oxygen
Time
Figure 1.1: Fluorescence decay of a fluorescent dye excited by light pulse with and 
without oxygen present in the atmosphere after OxySense™ (OxySense 2007).
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OxySense™ is an oxygen sensing technique that works by dynamic fluorescence 
quenching. The detector is composed of two parts, a sensor dot or label placed within the 
packaging, an irradiation source and fluorescence detector. The dot has a fluorescent 
compound such as tris(4,7-diphenyl-1,10-phenanthroline) ruthenium (II) perchlorate 
(Yamagishi 1996), shown in Figure 1.2, platinum (II) octaethylporphorin ketone 
(Papkovsky et a l 1995) or riboflavin (Blinker et ah 1996). The fluorescent compound is 
encapsulated in a silicon rubber that is permeable to oxygen. Lifetime studies of cheese 
and pre-cooked meals have used this type of sensor (O’Mahony 2004, O’Mahony 2006).
Ru-
Figure 1.2: Structure of tris (4,7-diphenyl-1,10-phenanthroline) ruthenium (II) 
([Ru(dpp3)]2+).
This type of system quantitatively measures the concentration of oxygen within the 
headspace at the time of analysis. There is no indication of the concentration of oxygen 
over the life-time of the package. Due to the nature of microbial growth, this is 
potentially a disadvantage. As stated above, when there is an initial ingress of oxygen, 
microbial growth can be initiated, which then respire aerobically, consuming oxygen as it 
enters the package, and keeping the concentration within the package low. In this 
situation, a real time oxygen indicator, such as OxysSense™, would give a false
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indication of the integrity of the package. A cumulative oxygen indicator would 
eliminate this problem (Smolander 1997).
1.2.2 Colorimetric Oxygen Indicators
Colorimetric indicators use redox active dyes, also referred to as electrochromes, which 
show a distinct colour change from the reduced to oxidised state. A reducing agent or 
process converts the electrochrome to its reduced form. In its simplest form a 
colorimetric indicator would be a mixture of reducing agent and electrochrome 
(Yoshikawa et al. 1979). Two ways of formulating a simple indicator would be:
a) limited reducing agent and
b) excess reducing agent.
In the case of a) once oxygen has re-oxidised the electrochrome there is insufficient 
reducing agent or process to re-initiate reduction. This effectively makes the colour 
change irreversible so if the indicator shows positive for oxygen, oxygen could have been 
present at any stage in the life-time of the package. Contrary to fluorescence based 
indicators an irreversible colorimetric indicator is not a real time indicator and therefore 
this overcomes the microbial growth issue associated with OxySense™ type sensors. 
Some methods of packaging allow an amount of oxygen to remain; this is then removed 
to specification by the use of an oxygen scavenger, to as low as 0.01% oxygen (Mohan 
2009, Brandon 2009, Ebner and Berrier 2005). An ideal colorimetric oxygen indicator 
would need to be kept in the reduced state while this process occurs; thus excess reducing 
agent (method b) is required. Exposure to ambient oxygen during the storage of these 
indicators also represents a problem, as premature oxidation further depletes the reducing 
agent.
The Ageless Eye™ colorimetric indicator uses methylene blue as the dye. Other redox 
dyes that can be used in a colorimetric indicator are thiazines, oxazines, azines,
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indophenols, indigo dyestuffs and polyaniline. In the Ageless Eye™ indicator the dye is 
reduced using a strong reducing agent such as glucose under basic conditions:
Where D is the dye in either its reduced ÜRed or oxidised Dqx forms. In the case of 
methylene blue the dye is blue in the oxidised form and colourless in the reduced leuco 
form (Yoshikawa et a l 1979, Mills and Lee 2003, Piletsky 2006, Hatakeyama et al. 
2004).
One approach to overcome the problems associated with both a) and b) is to incorporate 
an activating step as a ‘trigger’. The indicator would be inactive until the desired time: 
after packaging and the oxygen had been removed by a scavenger. By including an 
activation step the problem of the indicator needing to be stored under a non oxidising 
atmosphere to avoid degradation can also be avoided (Mills 2005).
Three different classes of colorimetric indicator action can be identified:
1. Triggered, irreversible response
2. Non-triggered, reversible response
3. Triggered, reversible response
Exposure to light has been used to photochemically reduce an electrochrome, such as 
methylene blue, by use of a photocatalyst, such as proflavine, in the presence of an 
electron donor, such as ethylenediaminetetraacetic acid (Oster and Wotherspoon 1957, 
Sweetser 1967, Blinka et al. 1996). However, problems with colour contrast were seen, 
which is due to inefficiencies in the reduction process. This can be made more efficient 
and sensitive to only UV wavelengths by a semiconductor, such as titanium dioxide. 
When the semiconductor absorbs light energy, an electron is excited from the valance 
band into the conduction band. This generates a free electron in the conduction band and
Equation 1.2: 
Equation 1.3:
Dqx + reductant = ÜRed + oxidised reductant 
ÜRed + 02 = Dqx + H2 O
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an electron hole in the valence band (e" h+). A sacrificial electron donor is oxidised by 
the h+, which reduces recombination of e" and h+ within the semiconductor. The excited 
electron can then reduce the electrochrome, to its reduced form. The reduced 
electrochrome is now in the active state ready to be oxidised by atmospheric oxygen. 
This system is referred to as the Strathclyde system and belongs to class 1. The redox 
cycles within the Strathclyde system are shown diagrammatically in Figure 1.3 (Mills and 
Lee 2003). Titanium (IV) oxide is widely used as a photocatalyst, but other 
semiconductors have been used, such as zinc (II) oxide or tin (IV) dioxide (Mills, 2003, 
Mills and Hazafy 2009). The direct excitation of methylene blue with ascorbic acid or 
phenylhydrazine as the electron donor has also been used as the light triggered reducing 
process (Oster and Wotherspoon 1954).
Elec trochrom e
Electrochrom e*
Oxidised SED
Figure 1.3: Redox cycle between semiconductor, electrochrome, oxygen and sacrificial 
electron donor in a Strathclyde oxygen indicator (Mills and Lee 2003).
1.3 Viologens
1.3.1 History of Viologens
Diquatemised salts of 4,4’-bipyridine were synthesised as early as 1881. However they 
were not termed viologens until Michaelis reported the intense colouration during single 
electron reduction. The pH independence and low cathodic reduction potential made the
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viologens useful as redox indicators for biological applications. Synthesised by the Sn2 
Menshutkin reaction of 4,4-bipyridine with an alkyl or aryl halide, they are the 
diquatemised salts of 4,4-bipyridine (Michaelis and Hill 1933, Monk 1998).
Non-symmetric viologens can be produced by using a non polar reaction solvent, which 
is a solvent for neutral 4,4’-bipyridine but precipitates the single substituted monocation 
intermediate compound. This intermediate is then reacted in a more polar solvent with a 
second electrophile to form the fully disubstituted non-symmetric viologen compound 
(Bongard 2005).
1.3.2 Redox Chemistry
1.3.2.1 Introduction to electrochemistry
The viologens have three redox forms. The oxidised dication species (V2+) is reduced to 
the monocation radical species (V+*), which can be reduced further to a neutral quinoid 
species (V°). In 4,4’-dimethylviologen (MV), the dication is colourless, the monocation 
radical species is a dark violet and the quinoid species a slight brown colour, the 
structures are shown in Figure 1.4. Compared to other known organic molecules, the first 
electron reduction potential, E l° ’, occurs at a highly negative cathodic potential. Along 
with ease of reversibility, the cathodic potential of the viologens led to great interest into 
their use as redox indicators in biological systems (Michaelis and Hill 1933). The second 
electron reduction step, E2, has limited reversibility due to limited solubility in polar 
solvents of the neutral form.
1.3.2.2 Factors affecting redox potential
Much work has been carried out on the effect of N-substituent on E l° ’ of the viologens 
and there are reviews on this work in the literature (Bird and Kuhn 1989). A wide range 
of viologens have been synthesised with both symmetrical and non symmetrical N- 
substituents. All reduction potentials quoted are vs. the normalised hydrogen electrode,
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unless otherwise stated. When alkyl groups are the substituted groups the reduction 
potential is the most cathodic for the viologens, -446, -690 and -710 mV for methyl, 
propyl and hexyl groups respectively. Aromatic groups have also been used as the N- 
substituent groups, and for these compounds the redox potential occurs at more positive 
or anodic potentials, -350 mV for benzylviologen. Further shifts of the E l0’ reduction to 
more positive potentials are achievable when the N-substitution groups are organic nitrile 
groups, -150 mV for CH2 CN and -73 mV for CH(Ph)CN. Other aryl groups have been 
used to produce anodic E l° ’ redox potential viologens (Bird and Kuhn 1989). The non- 
symmetric 1 -benzyl-1’-( 1 -benzylpyridinium-4-yl)viologen has an E l° ’ of 155 mV 
(Bongard 2005).
Figure 1.4: Redox steps of the viologens, and resonance stabilisation in the monocation 
radical state.
As well as varying N-substituent groups, it is also possible to substitute groups directly 
onto the 4,4’-bipyridine ring system. The substitution of cyano groups at the 2 and 2’ 
positions on 4,4’-bipyridine resulted in dicyanodimethylviologen dimesylate which has 
an E l° ’ of 90 mV (Fielden and Summer 1974). In unsubstituted methylviologen, the 
radical electron is stabilised by resonance across the t e  system of the bipyridine rings. 
The shift in reduction potential for the cyano substituted viologen is due to the electron 
withdrawing effect of the cyano group, which further stabilises the radical electron. If the 
radical is more stable, then E l° ’ will be more anodic (Monk 1998).
+
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Another effect of varying the N-substituent is to change the colour associated with the 
reduction. For example, alkylviologens appear blue, cyanophenylviologens appear green, 
phenyl viologens appear red-black (Mortimer et a l 2006).
The second reduction step, E2, to the neutral quinoid molecule has been studied less due 
to its limited reversibility. The neutral molecule has minimal solubility in polar solvents 
which results in deposition onto the electrode surface (Monk et a l 1992).
1.3.2.3 Comproportionation reaction
Owing to the three redox states of viologens, fully reduced V0 species area able to reduce 
the V2+ to the radical monocation species, V+*. This reaction is called the 
comproportionation reaction. The reverse, disproportionation, is also possible, but has a 
much smaller rate constant. Rather than direct reduction of the dication by the neutral 
quinoid, the comproportionation reaction proceeds via a spin paired dimer intermediate, 
[V22+]. This dimer has a separate UV-vis spectrum and a red colour, in comparison to the 
violet monocation radical. The rate constant of this comproportionation reaction has 
been determined by electron spin resonance. For methylviologen in acetonitrile this is 6 
x 106 dm3 mol"1 s"1. However, in aqueous solution, where the quinoid structure is 
insoluble, the V0 precipitates from solution, and therefore is not available for 
comproportionation (Rosseinsky and Monk 1990, Monk et a l  1992).
1.3.2.4 Photochemical reduction
When in solution, there is often incomplete separation of the viologens and they form ion 
pairs or charge transfer complexes with the associated anion or solvent. This is due to the 
weak electrolyte nature of the 4,4’ -bipyridinium cation, and there is therefore a degree of 
orbital overlap with a donor species. In the ground-state the charge transfer is minimal; 
however appreciable electron transfer can occur after absorption of a photon. This 
electron transfer results in the formation of the reduced cation radical of the viologen, and 
is effectively photochemical reduction. This can be seen when the viologens are cast in a
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polymer matrix, such as poly(N-vinyl pyrollidone), and irradiated with a mercury lamp 
(Kamogawa et al. 1980). The net effect of photochemical reduction however, is 
dependent on the degree of recombination of the viologen and the electron donor. Halide 
ions were also seen to reduce the photochemical reduction (Hopkins et. al 1970), due to 
the formation of ionic association reducing the concentration of free viologen available 
for charge transfer (Monk 1998, Monk and Hodgkinson 1998).
1.3.3 Herbicidal activity and toxicity
The herbicidal activity of the viologens was discovered in 1958 by ICI (Stubbs 1958). 
The most popular examples are Paraquat®, 1,1’ -dimethylviologen dichloride and diquat, 
6,7-dihydropyrido[l,2,-a:2’, l ’-c]pyrazinium dibromide (Brian 1958, Monk 1998). 
Paraquat is manufactured industrially by Syngenta as the active ingredient in weed killers 
such as Weedol® (www.paraquat.com). The viologen species is reduced to the radical 
cation by removing an electron from the photosynthesis process photosystem I. This 
radical then reacts with oxygen to produce superoxide species that destroy cell 
membranes and cause cell death. The herbicidal activity of viologens is related to its 
reversible first reduction step and the subsequent reaction of the monocation radical with 
oxygen, following the equations (Monk 1998):
Equation 1.4: V2+ + e - »  V+*
Equation 1.5: V+* + 0 2 ^  V2+ + 0 2'*
Equation 1.6: V+* + 0 2 * V2+ + 0 22"*
Paraquat is therefore a non-selective herbicide and kills all plant cells it comes in contact 
with. It is readily adsorbed onto clays in the soil rendering it biologically inactive, 
therefore it must be sprayed as a solution directly onto the weed-plant. Its adsorption to 
clays effectively results in no persistence of the herbicidal activity within the soil. This 
natural binding process reduces concerns of paraquat accumulation and contamination of 
ground water through run off. The level of Paraquat® found on the final crops is below 
detection (Monk 1998, Monk et al. 1992, www.paraquat.com). The relationship between
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the E1i/2 half-wave potential and herbicidal activity of some viologen related species is 
shown in Figure 1.5.
Q
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Figure 1.5: Herbicidal activity plotted against the half wave potential, Eli/2, the N- 
substituent of the viologen are A= -CH3, B = CH2 CH2 OH, C = CH2 CH2 CI, D= CH2 CN 
and E is the related herbicide diquat (after Monk 1998).
The toxicity of viologens within mammals is also due to the catalytic production of active 
oxygen species that destroy cells. Within a human, this large scale cell death can result in 
renal failure, hepatic necrosis, myocardial necrosis, acute pneumonitis, internal 
haemorrhages and ultimately death. Treatment of ingestion of viologens is generally 
restricted to the prevention of absorption through the stomach and intestine, for example 
by ingestion of a binding agent, such as poly(vinylsulfate) or poly(vinylsulfonate) 
(Tsuchiya et a l 1995).
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1.3.5 Stability of viologens
Viologens are stable chemically, however, in alkaline solutions the alkyl group can be 
lost to form an alcohol as shown in Figure 1.6 below. The alcohol produced can also act 
as a reducing agent and so often methyl viologen in alkali solutions can spontaneously be 
reduced to the violet colour (Bird and Kuhn 1989).
Figure 1.6: Loss of alkyl group in alkaline solutions (Bird and Kuhn 1989).
1.3.6 Other applications
Besides use as herbicides and redox potential indicators, viologens have also been of 
interest in electrochemical displays due to the reversible nature of the E l reduction and 
also the intense colour of the reduced species. The first electrochromic window with a 
viologen as the electrochromic dye was proposed in 1972. In electrochromic windows 
the transparency of the window changes with the potential that is applied across it. These 
can be used in such applications as privacy glass, anti-glare glass and angle-independent 
high-contrast large-area displays. One commercially available electrochromic display, 
based on a viologen compound, is the “Night Vision Safety” (NVS) anti-glare mirror, 
produced by Gentex Corporation. When the system is activated, a viologen compound is 
reduced to its coloured state, which reduces the amount of reflected light (Mortimer et al. 
2006). Electrochromic windows can also be used as photosynthetic cells in which light is 
used to generate a chemical charge. Therefore the application of viologen derivatives in 
electrochromic windows is an important area of research for the production of alternate 
green energy sources and the increase in energy efficiency (Schoot et al. 1972, 
Fitzmaurice et al. 2003).
OH-
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Viologens have also been used as mediator compounds to study biological molecules that 
are not reduced at an electrode. The viologen is reduced by the electrode then diffuses 
through the solution to reduce the biological molecule to be studied. Example 
compounds analysed by this technique are spinach ferrodoxin and sperm-whale 
myoglobin (Zen 2002).
1.4 Poly viologens
1.4.1 Introduction to Polyviologens
First produced in 1972, it has often been useful to produce viologens that are bound 
within a polymer chain (Simon 1972, Factor and Heinsohn 1972). These polymers come 
in two main types, backbone polyviologens or viologens attached as pendants to a 
polymer chain. lonene polymers are polymers that have a charge in the main backbone 
of the chain so backbone polyviologens are often referred to as ionene polyviologens. 
lonene polyviologens can be produced by condensation polymerisation of 4,4’-bipyridine 
and a dibromoalkane (Simon 1972) or dibromoxylene (Factor and Heinsohn 1972) 
refluxed in a suitable solvent, analogous to synthesis of simple viologens. The solvent 
should be a good solvent for the reactants but a non-solvent for the polymer so that the 
product precipitates from solution for ease of separation from raw materials. Many 
different solvents have been used, such as acetonitrile, 3-heptanone and 2-methoxy 
ethanol. The synthesis of polyviologens has also been facilitated by microwave assisted 
synthesis, and this can be used to reduce the reaction time significantly, from 24 hours to 
5 minutes (Liu et. al 2007).
1.4.2 Other lonene PVs
Further ionene type polyviologens can be synthesised by a condensation reaction with a 
difunctional acid chloride. In this case, the monomer is produced by the Menshutkin 
reaction of 4,4’-bipyridine with bromopropylamine hydrobromide to produce the 1,1’- 
bis(aminopropyl) dipyridinium bromide hydrobromide. The polymerisation then occurs
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by a Schotten-B aumann reaction with the difimctional acid chloride, to produce the 
polyamide, shown in Figure 1.7. These polymers display better film-forming properties 
compared with those synthesised from the Menshutkin reaction and the redox chemistry 
of the viologens is still retained (Simon and Moore 1975).
H2N NH2
o
O Cl
-HCI
O
,LH
Figure 1.7: Schotten-Bauman reaction to produce the polymer from the viologen 1,1’- 
bis(aminopropyl) dipyridinium bromide hydrobromide (Simon and Moore 1975).
1.4.3 Liquid Crystals
The ionene polymers also exhibit liquid crystal (LC) properties. LC is an intermediate 
phase between a liquid and a solid crystal. The liquid has no long-range order but there is 
some short-range order in small areas of the liquid and these are called domains. There 
are two main types of LC that are defined by the conditions under which they occur. 
Thermotropic LC properties occur when a solid is melted to form a liquid and therefore 
depend on temperature. To promote thermotropic LC the polymer must have rod like 
structures within the chain that can close pack to form an ordered domain. Lyotropic LC 
properties occur when one compound is in solution and depend on the concentration in 
solution. Compounds that exhibit lytropic LC have hydrophobic and hydrophilic sections
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that orientate themselves depending on the properties of the liquid (Bhowmik and Cebe 
et.al 2002).
Polyviologens have been shown to demonstrate both thermotropic and lyotropic LC 
properties and this is termed amphotropic. This is because they feature both a rod like 
structure and hydrophobic and hydrophilic sections of the chain. Polyviologens with the 
tosylate counter ion show liquid crystalline phase between 80 -  88 °C, and triflimide 
between 120 -  146 °C. Smectic phases occur where there is orientational order that also 
form layers with long-range positional order limited to one direction only. Polyviologens 
show lyotropic LC properties in protic solvents, such as methanol and ethylene glycol, 
with the critical concentration depending on the spacer group and the nature of the 
solvent (Bhowmik et al. 2002).
1.4.4 Pendant Polyviologens
Viologens can also be attached to a polymer as pendant groups, for example, by the 
radical polymerisation of the monomers 1 -vinylbenzyl-1 ’-benzyl-4,4’dipyridinium and 
styrene. As well as styrene, copolymers with nylon, vinyls, polyethers, polysiloxanes, 
poly(vinyl alcohol), ethyl cellulose and poly(tetrahydrofuran) can be made. The pendant 
polyviologens synthesised by radical polymerisation can be prepared with higher 
molecular weights compared to ionene polymers. Also, the ratio of viologen pendants 
within the copolymer can be varied to increase or decrease the redox activity of the 
polymer (Miyama et al. 1983, Avram et a l 1997, Adeogun 1998).
Pendant polyviologens have been grafted onto solid supports, such as 1-hexyl-1'-(4- 
vinylbenzyl)-4,4'-bipyridinium bromide chloride (HVV) onto poly(ethylene 
terephthalate) film, to produce antimicrobial surfaces. The grafting onto the surface is 
important as polyviologens, especially ionene polymers, are generally water soluble and 
so would dissolve in aqueous medium. Possible uses of the antimicrobial surface are in 
medical applications where concerns of toxic monomeric viologens entering biological 
fluids have prevented their use to date (Shi et al. 2005).
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Figure 1.8: Surface modification of a PET film with viologen moieties (Shi et al. 2005).
1.4.5 Electrochemistry
Polyviologens retain the redox properties of the viologen parent compounds but there is a 
shift of the first redox step to a more anodic potential while the second redox step is 
shifted to a more cathodic potential. This is significant for electrochemical displays as 
over reduction to the fully reduced state is possible. The fully reduced viologen is less 
reversible and so consistent over-reduction will cause continuous loss in performance. If 
the E2i/2 is shifted to a more cathodic potential then the over-reduction is less likely to 
occur and efficiency of the display can be increased (Sato and Tamamura 1979).
The characteristic colours of the different redox steps are retained; however, the colour of 
the fully reduced quinoid polymer is stated as red (Factor 1972). The possibility that this 
colour is due to the spin paired dimer produced by the comproportionation reaction is not 
discussed but could be a possibility. Other applications for the polyviologens have been
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light filters and polarisers (Simon 1972, Factor and Heinsohn 1972, Sato and Tamamura 
1979).
Cross linked polyviologens can be produced by reductive electropolymerisation of 
cyanopyridine dimers and trimers (Kamata 1999), and these used as modified electrodes 
for the analysis of compounds in solution such as ascorbic acid (Zen 2002).
1.4.6 Toxicity of Polyviologens
As the viologens are hazardous to health, there are restrictions on their applications. 
Even in the polymeric state they need to be proven non-toxic for a variety of applications. 
The US environmental protection agency (EPA) legislation “toxic substance control act” 
(TSCA) requires all new chemicals to be studied for hazards to health and the 
environment before they can be produced on an industrial scale. Certain polymers are 
exempt from this act due to amendments in 1984 and 1995; which takes into account that 
polymers have a lower risk of toxicity due to their increased molecular weight, i.e. 
decreased migration through membranes and solubility in aqueous mediums. However, 
cationic polymers soluble in water are not eligible for this exemption. This legislation 
may restrict the minimum molecular weight of polyviologens to 5000 g mol'1. To 
prevent all possible migration effects the molecular weight of the polyviologen must be 
maximised (EPA 1995). European legislation such as CoSHH and REACH would also 
have to be adhered to when producing new compounds. A polyviologen incorporated 
into food packaging, such as part of an indicator, would also be affected by food contact 
laws, such as European regulation on “food contact materials” (1935/2004) (Dainelli 
2008) and in the USA regulations directed by the Food and Drug Association (FDA).
1.5 Aim and Objectives
The principle aim of this project was to produce smart packaging for the food industry 
that would overcome some of the problems associated with established technology. To 
this end, the first objectives were to synthesise polyviologens, and incorporate them as
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the electrochrome into oxygen indicator formulations. The second objective was to study 
the relationship between the redox potential of the electrochrome in an oxygen indicator 
with its sensitivity to oxygen. This understanding could be used to produce an oxygen 
indicator that had a higher tolerance to oxygen, and could therefore be used in 
conjunction with an oxygen scavenger and applications where higher oxygen 
concentrations were permissible.
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Chapter 2: Synthesis and Characterisation of Polyviologens
2.1 Introduction
This section details the experimental synthesis and characterisation work carried out for 
ionene type polyviologens. The synthesis of the polyviologens, including experimental 
methods, is covered below as well as the analysis and characterisation of these 
compounds by FT-IR, NMR and thermal analysis. The effect of reaction solvent on 
the molecular weight is also discussed in the !H NMR analysis. There are a variety of 
routes to producing polymers containing a viologen group (Simon 1972, Miyama 1983, 
Nambu et a l 1986, Avram 1997). However, polyviologens in this work were prepared 
by the Menshutkin reaction, where 4,4’-bipyridine acts as the nucleophile in an Sn2 
reaction (Simon 1972, Factor 1972).
2.2 Reagents
All reagents were obtained from Sigma-Aldrich (Gillingham, UK): acetontirile (>99.9%);
4,4-bipyridine (98%); dibromo-p-xylene (97%); dibromo-o-xylene (97%); dibromo-m- 
xylene (97%); acetone (>99.8%); 1,2-dibromoethane (>99%); 1,4-dibromobutane 
(>98.0%); 1,5-dibromopentane (>98.0%); 1,4-butanediol (99%); ethylene glycol (>99%);
1,6-hexanediol (99%); pyridine (>99%); 1,2-dichloroethane (>99.8%); p-toluenesulfonyl 
chloride (>98%); sodium bicarbonate (>99.5%); chloroform (>99.9%, contains amylenes 
as stabilizer); methanol (>99.9%); ethyl acetate (>99.7%); dimethylformamide (>98.0%); 
tetrahydrofuran (>99.9%); sodium dithionite (85%); deuterium oxide (99.9%); 
tetramethylsilane (>99.5%).
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2.3 Aromatic spacer groups poly(xylylviologen) polymers
There are three isomers of dibromoxylene, ortho-(o), meta-(m) and para-(p). Each isomer 
was used to produce a polyviologen compound by reacting with 4,4’-bipyridine (Factor 
1972).
2.3.1 Poly(p-xylylviologen dibromide) (PpXV-Br)
4,4’-bipyridine (2.072 g, 13.27 mmol) and dibromo-p-xylene (3.538 g, 13.40 mmol) were 
dissolved in acetonitrile (95 ml), which required stirring for 30 minutes. The solution 
was then left for 24 hours at room temperature for the polymerisation reaction to occur. 
The polymer product precipitates gradually from solution. The product is removed by 
filtration, washed with acetone and then dried in vaccuo at 40 °C for 24 hours. The 
product was obtained in a yield of 80% (w/w) of theoretical yield.
2.3.2 Poly(o-xylylviologen dibromide) (PoXV-Br)
4,4’-bipyridine (2.072 g, 13.27 mmol) and dibromo-o-xylene (3.540 g, 13.41 mmol) were 
dissolved in acetonitrile (95 ml), which required stirring for 30 minutes. The solution 
was then left for 24 hours at room temperature for the polymerisation reaction to occur. 
The polymer product precipitates gradually from solution. The product is removed by 
filtration, washed with acetone and then dried in vaccuo at 40 °C for 24 hours. The 
product was obtained in a yield of 81% (w/w) of theoretical yield.
2.3.3 Poly(m-xylylviologen dibromide) (PmXV-Br)
4,4’-bipyridine (2.071 g, 13.26 mmol) and dibromo-m-xylene (3.540 g, 13.41 mmol) 
were dissolved in acetonitrile (95 ml), which required stirring for 30 minutes. The 
solution was then left for 24 hours at room temperature for the polymerisation reaction to 
occur. The polymer product precipitates gradually from solution. The product is
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removed by filtration, washed with acetone and then dried in vaccuo at 40 °C for 24 
hours. The product was obtained in a yield of 70% (w/w) of theoretical yield.
2.4 Poly(alkyMologen) polymers
Polyviologens with an alkyl spacer group were also prepared. Polyviologens were 
prepared with bromide counter ion by reacting 4,4’-bipyridine with alkyl dibromides 
(Simon 1972, Paleos et al. 1986).
2.4.1 Poly(ethylviologen dibromide) (PEV-Br)
4,4’-bipyridine (2.030 g, 13.00 mmol) and 1,2-dibromoethane (2.442 g, 13.00 mmol) 
were dissolved in acetonitrile (100 ml). The solution was left for 16 hours and then 
refluxed for 21 hours under nitrogen. The polymer precipitate was filtered under suction, 
washed with acetone and dried under vacuum at 40 °C for 24 hours. The product was 
obtained in a yield of 27% (w/w) of theoretical yield.
2.4.2 Poly(butylviologen dibromide) (PBV-Br)
4,4’-bipyridine (2.030 g, 13.00 mmol) and 1,4-dibromobutane (2.807 g, 13.00 mmol) 
were dissolved in acetonitrile (100 ml) and left for 3 hours. The solution was refluxed for 
16 hours under nitrogen. The polymer precipitate was filtered under suction, washed 
with acetone and dried under vacuum at 40 °C for 24 hours. The product was obtained in 
a yield of 65% (w/w) of theoretical yield.
2.4.3 Poly(pentylviologen dibromide) (PPV-Br)
4,4’-bipyridine (2.032 g, 13.01 mmol) and 1,5-dibromopentane (2.990 g, 13.00 mmol) 
were dissolved in acetonitrile (100 ml) and refluxed for 16 hours. The polymer 
precipitate was filtered under suction, washed with acetone and dried under vacuum at 40 
°C for 24 hours. The product was obtained in a yield of 55% (w/w) of theoretical yield.
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2.5 Ditosylate compounds
To synthesise polyviologens with the toluenesulfonate (tosylate) counter ion, alkyl 
ditosylate compounds were synthesised. Various methods were trialled (Bieber and de 
Arujo 2002, Velusamy et al. 2004). However, greatest yields were obtained with the 
method below (Johns 1954). Melting points were determined by differential scanning 
calorimetry (DSC).
2.5.11.4-Butane ditosylate
1.4-butanediol (4.511 g, 50.06 mmol) and pyridine (8.144 g, 102.9 mmol) were dissolved 
in dichloroethane (40 ml). The solution was then cooled to 0 °C and p-toluenesulfonyl 
chloride (19.069 g 100.0 mmol) added with stirring for 30 minutes. The solution is then 
left for 12 hours at 0 °C. The solution was then diluted with a saturated aqueous sodium 
bicarbonate solution (100 ml) whilst stirring and cooling. The ditosylate was extracted 
with chloroform (2 x 100 ml) and this organic solution washed again with sodium 
bicarbonate. The solvent was removed by rotary evaporation and the solid product 
recrystallised from methanol. The product was dried at 40 °C under vacuum for 24 hours. 
A yield of 62% (w/w) of theoretical yield was obtained. The m.p. was 83.3 °C, which 
compares to literature value of ~70 °C (Martin et a l 1982).
2.5.2 1,2-Ethane ditosylate
Ethylene glycol (3.100 g, 49.94 mmol) and pyridine (8.118 g, 102.6 mmol) were 
dissolved in dichloroethane (40 ml). The solution was then cooled to 0 °C and p- 
toluenesulfonyl chloride (19.065 g, 100.0 mmol) added with stirring for 30 minutes. The 
solution is then left for 12 hours at 0 °C. The solution was then diluted with a saturated 
aqueous sodium bicarbonate solution (100 ml) whilst stirring and cooling. The ditosylate 
was extracted with chloroform (2 x 100 ml) and this organic solution washed again with 
sodium bicarbonate. The solvent was removed by rotary evaporation and the solid 
product recrystallised from methanol. The product was dried at 40 °C under vacuum for
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24 hours. A yield of 74% (w/w) of theoretical yield was obtained. The m.p was 125.7 
°C, which compares to literature value of 126 °C (Martin et a l 1982)
2.5.3 1,6-Hexane ditosylate
1,6-hexanediol (5.910 g, 50.01 mmol) and pyridine (7.913 g, 100.0 mmol) were dissolved 
in dichloroethane (40 ml). The solution was then cooled to 0 °C and p-toluenesulfonyl 
chloride (19.066 g 100.0 mmol) added with stirring for 30 minutes. The solution was 
then left for 12 hours at 0 °C. The solution was then diluted with a saturated aqueous 
sodium bicarbonate solution (100 ml) whilst stirring and cooling. The ditosylate was 
extracted with chloroform (2 x 100 ml) and this organic solution washed again with 
sodium bicarbonate. The solvent was removed by rotary evaporation and the solid 
product recrystallised from methanol. The product was dried at 40 °C under vacuum for 
24 hours. A yield of 64% (w/w) of theoretical yield was obtained. The m.p was 71.9 °C, 
which compared to literature value of -70 °C (Martin et a l 1982)
2.6 Polyviologens with ditosylate counter ion
Polyviologens were synthesised by reacting 4,4’-bipyridine with the alkyl ditosylate 
compounds above (Bhowmik et al. 1995). The tosylate counter ion affects the solubility 
of the polymer. During the synthesis, the solubility of the growing polymer chain in the 
reaction solvent will affect the final molecular weight of the polymer.
2.6.1 Poly(ethylviologen ditosylate) (PEV-OTs)
The 1,2-ethane ditosylate prepared above was then used to prepare poly(ethylviologen 
ditosylate) by reacting with 4,4’-bipyridine in acetonitrile.
4,4’-bipyridine (2.033 g, 13.02 mmol) and 1,2-ethane ditosylate (4.816 g, 13.00 mmol) 
were dissolved in acetonitrile (100 ml). The solution was refluxed for 21 hours under 
nitrogen. Ethyl acetate (300 ml) was added to precipitate the polymer. The polymer
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precipitate was filtered under suction and dried under vacuum at 40 °C for 24 hours. A 
yield of 17% (w/w) of theoretical yield was obtained.
2.6.2 Poly (butyl viologen ditosylate) (PBV-OTs)
The 1,4-butane ditosylate prepared above was then used to prepare poly(butylviologen 
ditosylate) by reacting with 4,4’-bipyridine in acetonitrile.
4,4’-bipyridine (2.035 g, 13.03 mmol) and 1,4-butane ditosylate (5.182 g, 13.00 mmol) 
were dissolved in acetonitrile (100 ml). The solution was refluxed for 21 hours under 
nitrogen. Ethyl acetate (300 ml) was added to precipitate the polymer. The polymer 
precipitate was filtered under suction and dried under vacuum at 40 °C for 24 hours. A 
yield of 86% (w/w) of theoretical yield was obtained.
2.6.3 Poly (hexyl viologen ditosylate) (PHV-OTs)
The 1,6-hexane ditosylate prepared above was then used to prepare poly(hexylviologen 
ditosylate) by reacting with 4 ,4 ’-bipyridine in acetonitrile.
4,4’-bipyridine (2.033 g, 13.02 mmol) and 1,6-hexane ditosylate (5.556 g, 13.03 mmol) 
were dissolved in acetonitrile (100 ml). The solution was refluxed for 21 hours under 
nitrogen. Ethyl acetate (300 ml) was added to precipitate the polymer. The polymer 
precipitate was filtered under suction and dried under vacuum at 40 °C for 24 hours. A 
yield of 72% (w/w) of theoretical yield was obtained.
2.7 Dimesylate compounds
As with the tosylate anion, to produce a polyviologen with the methanesulphonyl 
(mesylate) anion, an alkyl dimesylate compound needed to be prepared. The production 
of 1,6-hexane dimesylate (Arnold et al. 1991), and its reaction with 4,4’-bipyridine to 
produce poly(hexylviologen dimesylate) is detailed below (Adeogun 1998).
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2.7.11,6-hexane dimesylate
Dichloroethane (120 ml) was cooled to -10 °C. Under nitrogen and via a pressure 
equalising dropping funnel, 1,6-hexanediol (3.900 g, 33.00 mmol), tiiethylamine (6.705 
g, 66.26 mmol) and methanesulfonyl chloride (7.601 g, 66.36 mmol) were added. The 
solution was stirred for an additional 30 minutes and then quenched by the addition of 
ice-water (80 ml). The organic layer was separated and washed successively with 1 M 
hydrochloric acid (50 ml), saturated aqueous sodium bicarbonate solution (50 ml) and 
brine (50 ml). Water was removed from the organic layer with magnesium sulphate. The 
solvent was then removed by rotary evaporation, and the product recrystallised from 
methanol (300 ml). The product was dried under vacuum at 40 °C for 24 hours. A yield 
of 61% (w/w) of theoretical yield was obtained. The m.p. was 46.2 °C, which compared 
to a literature value of 56-58 °C (Adeogun 1998)
2.7.2 Poly(hexylviologen dimesylate) (PMV-OMs)
4, 4 ’-bipyridyl (2.032 g, 13.01 mmol) and 1, 6-hexane dimesylate (3.567 g, 13.00 mmol) 
were dissolved in acetonitrile (100 ml). The solution was refluxed for 21 hours under 
nitrogen. Ethyl acetate (300 ml) was added to precipitate the polymer. The polymer 
precipitate was filtered under suction and dried under vacuum at 40 °C for 24 hours. A 
61% yield (w/w) of theoretical yield was obtained.
2.8 Solvent effect on molecular weight
In an effort to maximise the molecular weight of the polyviologens, the effect of reaction 
solvent is investigated. The reaction solvent is important as it needs to solvate the 
starting materials and keep the growing polymer chain in solution during the reaction. 
For ease of work-up, the polymer needs to be insoluble in the final solvent. As the 
polymer chains grow during synthesis, they reach a certain point where they precipitate 
out of solution, which affects the final molecular weight. However, if a protic solvent is 
used, protons can react with the 4,4’-bipyridine to terminate the chain. Protic solvents
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can also hydrogen bond to the nucleophile, effectively reducing its nucleophilicity and 
reducing its reactivity, therefore the solvent ideally needs to be polar aprotic. Solvents 
used included dimethylformamide (DMF), tetrahydrofuran (THF) and 50:50 acetonitrile 
and methanol mixture. PBV-Br is used as an example polyviologen. PpXV-Br is also 
produced using DMF as the solvent. Molecular weights of the synthesised polyviologen 
were determined by NMR end group analysis.
2.8.1 Synthesis of PBV-Br in different solvents
DMF (PBV-Br DMF)
Equimolar amounts of 4,4’-bipyridine (2.033 g, 13.02 mmol) and 1,4-dibromobutane 
(2.814 g, 13.03 mmol) were reacted by dissolving in DMF (100 ml) and then refluxing 
for 21 hours. The product was removed by filtration and dried.
THF (PBV-Br THF)
Equimolar amounts of 4,4’-bipyridine (2.031 g, 13.00 mmol) and 1,4-dibromobutane 
(2.816 g, 13.04 mmol) were reacted by dissolving in tetrahydrofuran (100 ml) and then 
refluxing for 21 hours. 100 ml of acetone was added to facilitate precipitation, however 
no product was obtained.
50:50 acetonitrile and methanol mixture (PBV-Br 50:50)
Equimolar amounts of 4,4’-bipyridine (2.028 g, 12.99 mmol) and 1,4-dibromobutane 
(2.812 g, 13.02 mmol) were reacted by dissolving in a 50:50 mixture of acetonitrile and 
methanol (100 ml) and then refluxing for 21 hours. The product was removed by 
filtration and dried.
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2.8.2 Synthesis of PpXV-Br in DMF (PpXV-Br DMF)
Equimolar amounts of 4,4’-bipyridine (2.032 g, 13.01 mmol) and dibromo(p-)xylene 
(3.538 g, 13.40 mmol) were reacted by dissolving in dimethylformamide (100 ml) and 
then stirring for 30 minutes. The product was removed by filtration and dried.
2.9 Product Analysis
2.9.1 Thermal Analysis
2.9.1.1 Introduction
The thermal characteristics of the polyviologens were investigated using thermal 
gravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA measures 
changes in mass of the sample as the temperature is increased. This method can be used 
to investigate any temperature driven process which has an associated change in mass, for 
example the amount of solvent residue, absorbed moisture, degradation temperatures and 
levels of inorganic residues. A derivative weight loss curve can also be plotted to show 
the temperature of maximum weight loss. DSC measures the difference in temperature of 
a sample compared to a reference as they are heated over a temperature range. When the 
sample undergoes an endothermie or exothermic process there will be a difference 
between the temperature of the sample and the reference. This results in heat flow to 
keep the sample and reference at the same temperature. Heat flow (W/g) is plotted 
against temperature to obtain a DSC thermogram. DSC can be used to determine 
endothermie and exothermic chemical and physical processes within a sample, such as 
chemical reactions and decomposition, melting points and changes in degrees of 
crystallinity.
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2.9.1.2 Experimental Method
TGA analysis was carried out using a Perkin Elmer TGA7 instrument. The powder 
samples were analysed in platinum pans under a nitrogen atmosphere at a heating rate of 
10 °C/min from 25 °C to 500 °C and then at a rate of 50 °C/min to 900 °C to remove 
residue.
DSC analysis was carried out using a TA Q100 instrument with an indium reference. 
The powder samples were analysed in aluminium pans equilibrated at 0 °C and then 
heated at a rate of 10 °C/min to 250 °C.
2.9.1.3 Results
TGA and DSC were used to analyse the polyviologens PoXV-Br, PpXV-Br and PmXV- 
Br. DSC of PoXV-Br, in Figure 2.4, shows a broad endothermie peak at 123 °C that 
relates to melting of the solid powder. There are then two exothermic peaks at 219 °C 
and 227 °C that indicate the decomposition of the product.
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Figure 2.4: DSC thermogram of PoXV-Br 
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In the TGA graph of PoXV-Br, Figure 2.5, there is a corresponding loss of weight at 227 
°C which is due to decomposition at the melting point and after 260 °C the sample 
decomposes further with the highest rate of decomposition occurring at 316 °C. At 490 
°C when there is no further weight loss there is a 23% residue.
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Figure 2.5: TGA thermogram of PoXV-Br
Although the polyviologens in general do have thermotropic liquid crystalline (LC) 
phases, no indicative LC peaks were seen in the DSC analysis. This is probably due to 
the non-linear ortho-xylyl groups preventing close packing into a crystal structure. The 
bromide counter ion also does not promote thermotropic LC as the interactions between 
the positive and negative charges are too strong. To promote thermotropic LC, the
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tosylate counter ion would be more useful as this reduces the interaction with the positive 
charges in the polymer backbone. In depth studies of the LC properties of polyviologens 
and the effect of spacer group and anion can be found in the literature (Adeogun 1998, 
Bhowmik et al. 1995, Bhowmik et al. 2002)
2.9.2 Ultraviolet -Visible (UV-Vis) Absorption Spectroscopy
2.9.2.1 Introduction
In UV-vis spectroscopy a sample in solution is exposed to electromagnetic radiation with 
a wavelength between 200 -  800 nm and any absorption by the sample is measured. 
Organic compounds with conjugation are able to absorb energy in this region to excite an 
electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO).
2.9.2.2 Experimental Method
The UV-Vis spectrum of the polyviologens was obtained using a PE Lambda 35 
instrument. Polyviologens were dissolved in deionised water at a concentration of 
0.001% (w/v). The reduced form was obtained by adding a drop of 1% (w/v) sodium 
dithionite solution to the cuvette containing the polyviologen solution.
2.9.2.3 Results
In Figure 2.6, the UV-vis spectra of the PoXV-Br are shown, unreduced in the blue line 
and reduced red line. The reduced spectrum was achieved by reduction with sodium 
dithionite. The reduced spectrum, compared with the oxidised spectrum, shows a shift of 
the 262 nm peak to 315 nm and the appearance of a peak at 530 nm, due to the highly 
coloured violet compound (Factor 1971, Nambu et al. 1986).
URN 3551229 33
Chapter 2: Synthesis and Characterisation of Polyviologens
0.60
0.55-
0.50
045-
0.40-
0.3!
0.30
025-
0.20
0.15-
0.10
0.05-
0.00
700 800500
nm
600300 400200
Descrption
0.001 % 0-PXV-Br2
0,001 % o-PXV-Br2 reduced
Name
*0000007
AOOOOOOS
Figure 2.6: UV-vis spectrum of the oxidised (blue) and reduced (red) forms of PoXV-Br. 
2.9.3 Fourier Transform Infrared (FT-IR) Absorption Spectroscopy 
2.9.3.1 Introduction
IR radiation is absorbed by a compound when a molecular vibration matches the same 
frequency as the frequency of the radiation. Therefore IR absorption spectroscopy can be 
used to identify specific molecular bonds within a compound to aid characterisation. For 
chemical bond identification the frequency of importance is between 4000 and 400 cm"1. 
FT relates to the sampling method where the light source is a broadband lamp, which 
requires the raw absorption data to be fourier transformed to produce the actual IR 
spectrum.
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2.9.3.2 Experimental Method
FT-IR spectra of the polyviologens, alkyl ditosylates and 1,6-hexane dimesylate were 
recorded on a Thermo 5700 Nicolet FT-IR spectrometer (Fisher Scientific). Samples 
were measured using a SMART speculATR accessory in attenuated total reflectance 
(ATR). The data were acquired after 100 scans.
2.9.3.3 Results
Synthesis of the polyviologen compounds was confirmed using FT-IR spectroscopy. FT- 
IR spectra for PpXV-Br, Figure 2.1, PEV-Br, Figure 2.2, and PHV-OTs, Figure 2.3 have 
been included as example spectra. FT-IR data for characterisation for all polyviologens 
synthesised in acetonitiile can be seen in Tables 2.1, 2.2, 2.5. Table 2.3 contains FT-IR 
data for the alkyl ditosylate and 1,6-hexane ditosylate compounds. Table 2.4 contains the 
FT-IR data for PBV-Br produced in DMF and 50:50 acetonitrile:methanol and PpXV-Br 
synthesised in DMF.
Table 2.1: FT-IR absorption maxima for polyviologens with aromatic spacer groups.
Absorption maxima (cm'1) Corresponding functionality
PpXV-Br 3031 
1634 
1547 and 1500 
1443 
1156
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
-CH2- deformation 
C-N+ stretch
PoXV-Br 3037 
1635 
1557 and 1504 
1445 
1150
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
-CH2- deformation 
C-N+ stretch
PmXV-Br 2979 
1631 
1553 and 1501 
1442 
1154
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
-CH2- deformation 
C-N+ stretch
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Figure 2.1: FT-IR Spectrum of PpXV-Br.
Table 2.2: FT-IR absorption maxima for polyviologens with alkyl spacer groups.
Absorption maxima (cm"1) Corresponding functionality
PEV-Br 2994 
1640 
1546 and 1460 
1408 and 1355 
1197
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
-CH2 - deformation 
C-N+ stretch
PBV-Br 3035 
1638 
1545 and 1447 
1410 and 1350 
1180
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
-CH2- deformation 
C-N+ stretch
PPV-Br 3034
1636
1547, 1524 and 1504 
1409 and 1351 
1174
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
-CH 2 - deformation 
C-N+ stretch
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Figure 2.2: FT-IR spectrum of PEV-Br.
Table 2.3: FT-IR absorption maxima for alkyl ditosylate and 1,6-hexane dimesylate 
compounds.
Absorption maxima (c m 1) Corresponding functionality
1,4-butane ditosylate 3050 
1596 
1355 and 1180
Aromatic C-H stretch 
Aromatic C-C stretch 
S = 0- stretch
1,2-ethane ditosylate 3030 
1597 
1361 and 1170
Aromatic C-H stretch 
Aromatic C-C stretch 
S = 0- stretch
1,6-hexane ditosylate 2953 
1597 1455 
1352 and 1186
Aromatic C-H stretch 
Aromatic C-C stretch 
8 = 0 - stretch
1,6-hexane dimesylate 3033 and 2953 
1481 
1352 and 1171
Aromatic C-H stretch 
Aromatic C-C stretch 
S = 0- stretch
URN 3551229 37
Chapter 2: Synthesis and Characterisation of Polyviologens
90-
50
40
-o o
20 -
N+
10-
4 0 0 0 3 0 0 0 2C00
Wavenumbers (cm-1 )
1000
Figure 2.3: FT-IR Spectrum of PHV-OTs
Table 2.4: FT-IR absorption maxima for polyviologens synthesised in DMF and 50:50
acetonitrile:methanol.
Absorption maxima (cm-1) Corresponding functionality
PBV-Br 3031 Aromatic C-H stretch
(DMF) 1637 C=N stretch
1546 and 1444 Aromatic C-C stretches
1412 and 1351 -CH2- deformation
1177 C-N+ stretch
PBV-Br 3029 Aromatic C-H stretch
(50:50 1640 C=N stretch
Acetonitrile:Methanol) 1543 and 1448 Aromatic C-C stretches
1408 and 1343 -CH2- deformation
1180 C-N+ stretch
PpXV-Br 3020 Aromatic C-H stretch
(DMF) 1630 C=N stretch
1544 and 1503 Aromatic C-C stretches
1442 -CH2- deformation
1153 C-N+ stretch
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Table 2.5: FT-IR absorption maxima for polyviologens with tosylate and mesylate
anions.
Absorption maxima (cm'1) Corresponding functionality
PEV-OTs 3048 
1638 
1452 
1125 
1210 and 1030
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
C-N+ stretch 
S=0- stretch
PBV-OTs 3048 
1638 
1452 
1125 
1210 and 1030
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
C-N+ stretch 
S=0- stretch
PHV-OTs 3054
1638 
1447 
1118 
1173 and 1030
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
C-N+ stretch 
S=0- stretch
PHV-OMs 3050
1638
1558, 1507 and 1446 
Obscured 
1194 and 1058
Aromatic C-H stretch 
C=N stretch 
Aromatic C-C stretches 
C-N+ stretch 
S=0- stretch
2.9.4 Nuclear Magnetic Resonance (NMR) Spectroscopy
2.9.4.1 Introduction
NMR spectroscopy is a useful technique to characterise the structure of organic 
molecules. Magnetic nuclei of atoms such as and 13C, are able to spin align with a 
magnetic field into one of two different orientations. When the sample is irradiated with 
electromagnetic radiation of a proper frequency the energy is absorbed and causes the 
spin to flip. Electrons around the nuclei have their own magnetic field which shields the 
nuclei from the external magnetic field. Due to the different electronic environments 
within a molecule there are variations in the electron shielding of specific nuclei in a 
molecule which results in different peaks in the NMR spectrum.
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Due to the abundance of 1H, NMR is a quantitative technique and can be used to 
determine how many protons are present in each proton environment within a molecule. 
In polymeric compounds this can be used to determine a degree of polymerisation by 
determining the ratio of end groups to repeating groups within the polymer chain.
2.9.4.2 Experimental Method
!H NMR spectra of the compounds were recorded at 25 °C using a Jeol ECX300 
instrument operating at 300 MHz. Samples were run in deuterium oxide (D2 O) with 
tetramethylsilane as reference. The number of scans was 16, the acquisition time was
3.63 s and the repetition time was 4.63 s.
2.9.4.3 Acetonitrile synthesis
Due to the toxicological issues related with polyviologens, especially in applications 
where they will be in close proximity to food products, it is important to minimise their 
ability to migrate. By maximising their molecular weight, the migration through the 
plastic packaging will be minimised, preventing polyviologens contaminating food 
products. The ionic nature of the polyviologens complicates ordinary molecular weight 
analysis methods. Gel permeation chromatography (GPC) requires references with 
known molecular weights, and an eluent system and column combination which is 
appropriate for the resolution of polyviologens of differing molecular weights (Mendham 
2000, Billmeyer 1984, Zheng and Cao 2001).
End group analysis, has previously been used to determine the molecular weight of 
polyviologens. In elemental analysis, the difference between the calculated and 
experimental values is used to identify the ratio between end groups and repeating units, 
n, and from this best fit determine a degree of polymerisation. A more accurate method 
for determining the value of n is NMR analysis. This method has also been used to 
determine the degree of polymerisation of polymeric viologens (Godinez et al. 1996). 
Figure 2.7 shows the basic structure of the polyviologen chains and the relevant proton
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peaks that were found in the XH NMR spectra. The protons a and b relate to the main 
chain 4,4’ -dipyridinium groups, and c, d, e and f  relate to the end groups, 4-pyridyl-4’- 
pyridinium. The ratios between the peak heights give an indication of how many central 
dipyridyl groups are present in relation to end groups.
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Figure 2.7: A general polyviologen chain, with hydrogen positions for !H NMR peaks.
The NMR spectrum of PBV-Br, Figure 2.8, showed a distinct shift in the end group 
peaks, c, d, e and f, compared with bulk chain peaks, a and b. The integration of these 
peaks is compared; the ratio indicated a polymer chain with 3 dipyridinium groups within 
the chain and 4-pyridyl-4’-pyridinium groups on each end. This indicates an average 
molecular weight of 1644 g mol"1. When this polymer was prepared in the literature 
(Adeogun 1998), by the same synthesis method, the molecular weight, determined by 
elemental analysis, was 2768 g mol"1. This molecular weight equates to n value of 6. 
These polymers were synthesised using the same method, however, variations in the 
reaction, such as purity of the reagents, could have resulted in an increase in 
polymerisation. Elemental analysis as an end group molecular weight determination tool 
is not as reliable as ^  NMR. As all protons can be accounted for, ^  NMR allows for 
further checks of the calculated molecular weight, i.e. spacer group or counter ion 
protons. The peak at 8 = 4.5-4.9 ppm relate to the N+-CH2 - protons, however this 
overlaps with the D2O reference. The peak at 2.0-2.2 ppm is for the remaining CH2  
protons within the butyl spacer group and this correctly relates to 16 protons for a degree 
of polymerisation of 3.
For PpXV-Br, the ratio of the integrated peaks showed 4 4,4’-dipyridinium groups within 
the polymer chain and 1 4-pyridyl-4’ -pyridinium group on the chain ends. This is 
indicative of an average molecular weight of 2256 g mol'1. This compares with 8666 g
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mol"1, or 19 dipyridinium groups, when the polymer was synthesised in the literature. 
However, it can be noted that the *H NMR spectrum of the polymer synthesised in the 
literature, did not show peak integration ratios that support such a high degree of 
polymerisation (Adeogun 1998). In fact the peak integration was comparable to the 
results obtained here, indicating a molecular weight of 2256 g mol'1. Therefore this 
reported high degree of polymerisation could be an indication of the inaccuracy of 
elemental analysis as a method of determining molecular weight.
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Figure 2.8: ^  NMR spectrum of PBV-Br.
The PEV-Br spectrum, Figure 2.9, showed higher multiplicity for many of the peaks. 
Identification and integration of the end group peaks was not possible; an indication of 
the molecular weight could not be obtained. As an explanation two possible factors could 
be affecting the complexity of the spectrum: a) a large polydispersity of molecular
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weights within the sample, or b) the ethyl group is too small and the 4,4’-pyridyl groups 
are affecting all the ethyl protons creating a range of complicated conditions, bC-CH]- 
CH2-N+. A similar effect was seen for PEV-OTs. Previous reports of the polyviologens 
with the ethyl spacer group also showed a similar multiplicity complication (Adeogun 
1998). In an attempt to decrease any polydispersity and impurities within the sample 
dialysis purification was performed using dialysis tubing with 1000 g mol"1 pores. 
However the resolution of the individual dipyridyl proton peaks was not increased.
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Figure 2.9: !H NMR spectrum of PEV-Br
Contrary to the bromide ion, the tosylate counter ion has several protons which appear in 
the *H NMR spectrum. These extra protons serve as a further check for the calculated 
degree of polymerisation by end group analysis. In all cases, the integral of these peaks 
showed the correct number of protons for the predicted degree of polymerisation. The 
average degree of polymerisation (n) for PBV-OTs, *H NMR spectrum shown in Figure
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2.10, was found to be 14. This equates to an average molecular weight for this 
polyviologen as 8477 g mol"1. Relative to PBV-Br, this represents a significant increase 
in degree of polymerisation. This could be due to increased solubility of the polymer in 
acetonitrile, imparted due to the organic nature of the tosylate ion. It could also be due to 
the increased reactivity of the tosylate group as a leaving group in SN2 reactions. A large 
degree of polymerisation was also seen for PHV-OTs.
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Figure 2.10: ^  NMR spectrum of PBV-OTs.
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2.9.4.4 Solvent effect on Molecular weight
To increase the molecular weight of the polyviologens, a study was carried out on the 
effect of reaction solvent during synthesis on the final product molecular weight. PBV- 
Br was used as an example polyviologen.
During the reaction the polymer chain grows by the condensation reaction of 4,4’- 
bipyridine and 1,4-dibromobutane. When the chain gets to a certain length the molecular 
weight becomes too large for the polymer to remain in solution, and the product 
precipitates from solution. If a solvent is chosen which is better at solvating the polymer, 
the chain will grow to a higher molecular weight before it precipitates from solution. The 
condensation is an Sn2 reaction and is therefore influenced by the solvent. Polar protic 
solvents hydrogen bond to the nucleophile and effectively decrease its reactivity. In 
contrast polar aprotic solvents do not solvate the nucleophile increasing its reactivity.
When the solvent was THF, no product was produced in the reaction. It is unclear why 
this is the case, possibly due to its low boiling point and its lower polarity compared with 
acetonitrile. When DMF and 50:50 acetonitrile and methanol were the reaction solvents 
product was obtained. The lU NMR spectrum for 50:50 acetonitrile and methanol 
solvent mixture showed a degree of polymerisation of 1. The polymer chain is formed of 
one central 4,4’-dipyridinium unit with a 4-pyridyl-4’-pyridinium group on each end. 
This low molecular weight is probably due to solvation of the nucleophile by methanol. 
^H NMR molecular weight analysis of PBV-Br synthesised in DMF, Figure 2.11, showed 
a larger degree of polymerisation. The integration of the peaks is not entirely consistent, 
c, f, d, and e varying between the equivalent of 4.0-4.5 protons, and the a and b peaks 
varying between 30.8-31.9. The CH2 peak has an integration of only 31.0. This 
probably relates to a larger degree of polydispersity compared with the acetonitrile 
polymer. When comparing the ratio of integrations of the 4,4’-dipyridinium peaks to 4- 
pyridyl-4’-pyridinium peaks, the largest molecular weight would be for the ratio 31.9:4.0 
and the smallest for 30.8:4.5. This suggests a degree of polymerisation of between 7 and 
8, equivalent of a molecular weight of between 3132-3504 g mol"1. This degree of
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polymerisation is much larger than when acetonitrile was the reaction solvent. When 
PBV-Br was synthesised in acetonitrile, the degree of polymerisation was 3 and the 
molecular weight 1644 g mol"1. When DMF was used to synthesise PpXV-Br, there was 
no correlating increase in degree of polymerisation. This could be because the aromatic 
spacer group is the limiting factor in the solubility of the polymer chain.
f e  d  c  a b b a  c  d  e  f
/ = \  / = \  Br Br Br ^  ^
f e  d e  g  g  a  b  b  a  g  g  c d  e  f
e  -
I
8.0 7.0 0.0 5.0 4.0 3.0 2.09.0
X : pails per Million : 1H
Figure 2.11: The !H NMR spectrum of PBV-Br synthesised in DMF.
2.10 Conclusions
Various polyviologens have been synthesised, by the Sn2 reaction of 4,4’-bipyridine with 
alkyl dibromides, isomers of xylyl dibromide, alkyl ditosylates and hexane dimesylate. 
In this synthesis route, the respective leaving group forms the associated anion of the
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polyviologen. Product identity was confirmed using FT-IR analysis and the distinctive 
C-N+ peak at 1120 cm"1, which was present in all polyviologen spectra except for when 
the counter ion is the mesylate ion. In this case a large peak related to sulfonyl groups 
from the mesylate anion overlapped with the C-N+ peak.
The polymers were also analysed by ^  NMR. The shifting of the 4,4’-dipyridinium 
protons, compared to the end groups 4-pyridyl-4’ -pyridinium peaks, was used as a 
measure of molecular weight. When these peaks could be resolved, the integration gave 
a ratio of the number of polymer chain 4,4’-dipyridinium groups compared to the 4- 
pyridyl-4’-pyridinium end groups. Using this method of molecular weight determination, 
the effect of reaction solvent on the final molecular weight of the polymer could be 
investigated. DMF was shown to increase the molecular weight of PBV-Br, compared 
with acetonitrile. A corresponding increase in molecular weight for the polymer PpXV- 
Br was not seen. In the application of an oxygen indicator in food packaging, the 
possibility of contamination of the food with viologen moieties needs to be minimised 
due to their biological activity. Maximising the molecular weight of the polyviologens is 
one important route to mitigating this risk. Further safe guards, such as a polymer 
overprint and laminate structure, would be used in any commercial indicator.
The electrochemistry of the polyviologens synthesised here is discussed in Chapter 4: 
Cyclic Voltammetry of the Polyviologens. The incorporation of the polyviologens into a 
printed ink to produce an oxygen indicator system is discussed in Chapter 5: Viologen 
and Polyviologen Based Oxygen Indicators.
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Chapter 3: Synthesis and Characterisation of Redox- 
active Viologens
3.1 Introduction
3.1.1 Redox properties of viologens
Redox active species have a range of redox potentials which are dependent on their 
propensity to gain or lose an electron. When a compound has a more positive 
reduction potential, it has a higher affinity to gain an electron and the reduced product 
is more stable. Redox active compounds that have a distinct colour change during the 
redox process can be used in oxygen indicators. In an oxygen indicator, dyes with 
reduction potentials more positive than methylene blue would be expected to be more 
stable in the reduced form and therefore less reactive to oxygen. This would make the 
indicators more useful in situations where low oxygen concentrations are allowed. 
However, if the reduction potential of the electrochrome is more positive than the 
reduction of oxygen the reduced electrochrome will be completely unreactive to 
oxygen.
Viologens have a very negative redox potential for the one electron reduction process: 
Equation 3.1: V2+ + e"-> V+*
E l° ’ of -446 mV (vs. NHE reference electrode) for methyl viologen (Bird 1989). This 
has led to the use of the viologens as indicators for biological systems (Michaelis 
1930, Michaelis 1932 and Michaelis 1933). Viologens have also been used as 
herbicides, as the negative potential and generation of the radical cation can be used to 
interrupt photosynthesis processes (Stubbs 1958).
The monocation radical is stable due to resonance of the radical electron across the 
entire n electron system. If the monocation radical compound is stabilised the redox 
potential can be altered to more positive potentials. Therefore more positive
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potentials can be obtained by substitution of an electron withdrawing group onto the 
4,4’-bipyridine ring. The viologen dicyanodimethylviologen dimesylate has been 
produced which has a E l° ’ potential quoted in the literature of 90 mV (vs. NHE 
reference electrode) (Fielden and Summers 1974). Another route to stabilise the 
cation radical is N,N’-diaryl substituted viologens. One such viologen is 1-benzyl-1’- 
( 1 -benzylpyridinium-4-yl)-4,4’-bipyridiniuim, which has a reported E l° ’ potential of 
155 mV compared to -446 mV for methylviologen (vs. NHE reference electrode) 
(Bongard et al. 2005).
The attempted synthesis of positive redox potential viologens, by the substitution of 
electron withdrawing groups onto the 4,4’-bipyridine rings is covered in this chapter.
3.1.2 Reactivity of pyridine and 4,4’-bipyridine
Pyridine and 4,4’-bipyridine are significantly less reactive to electrophilic substitution 
at the carbon atoms compared to benzene. This is due to electrophiles reacting 
preferentially with the nitrogen lone pair. There is also a distortion of the % system 
due to the nitrogen, which means the carbon atoms have a reduced electron density, 
especially at 2, 4 and 6 positions. Electrophilic addition at the nitrogen generates a 
pyridinium cation, which is further resistant to electrophilic attack due to the positive 
charge on the nitrogen that distorts the tl system leaving carbons at the 2-, 4- and 6- 
positions further electron deficient. Conversely, this makes pyridinium compounds 
more susceptible to nucleophilic substitution reaction (Joule 1995).
The reactivity of pyridine compounds can be greatly influenced by oxidation at the 
nitrogen to the N-oxide. The increase in reactivity can be understood by resonance 
stabilisation as a consequence of the donation of electrons from the oxide oxygen. 
Some of the interesting resonance forms can be seen in Figure 3.1. The difference in 
dipole moment for pyridine, 2.22 D, and pyridine N-oxide, 4.25 D, is small when 
compared to other amines and their N-oxides. This is due to the contribution of 
resonance forms where oxygen is neutral and the ring carbons negatively charged. 
This effectively increases the reactivity of pyridine to electrophilic substitution. The 
situation is complicated due to resonance forms where a formal positive charge is on 
the 2-, 4-, and 6- carbons, which increase the reactivity of these pyridine carbons to
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nucleophilic attack. The N-oxide function in pyridine and 4,4’-bipyridine serves to 
facilitate both electrophilic and nucleophilic substitution. However, the last step in 
nucleophilic substitution of hydrogen is hydride transfer. Hydride is not a good 
leaving group and therefore requires an oxidising agent as a hydride receptor (Joule 
1995).
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Figure 3.1: Some of the resonance forms of pyridine-N-oxide that increase the 
reactivity towards both electrophilic and nucleophilic substitution relative to pyridine, 
(Joule 1995).
3.2 Experim ental
3.2.1 Reagents
Hydrochloric acid (35.5-37.5% (w/w)) was obtained from Fisher Chemicals, 
Loughborough, UK. All other reagents were obtained from Sigma-Aldrich 
Gillingham, England: 4,4’-bipyridine (98%); acetic acid (>99%); peracetic acid (36- 
40% (w/v) in acetic acid); hydrogen peroxide (>30% (w/v)); sodium hydroxide 
(>98%, pellets); ethanol (>99.5%); sulfuric acid (95.0-98.0%); nitric acid (fuming, 
>90%); sodium carbonate (99.95-100.05% dry basis); dichloromethane (>99.8%, 
contains 50-150 ppm amylene as stabilizer); cumene (98%); sodium amide (95%); 
charcoal (8-20 mesh); trimethylsilane carbonitrile (98%); dimethylcarbamyl chloride 
(98%); potassium carbonate (>99.0%); dimethyl sulphate (>99.8%); potassium 
cyanide (>96.0%); trifluoracteic acid-d (99.5%); tetramethylsilane (>99.5%).
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3.2.2 Synthesis of 4,4’-bipyridine-N,N,-dioxide
4,4’-bipyridine (5.000 g, 32.01 mmol) is dissolved in the minimum amount of acetic 
acid (30 ml). 40% (w/v) peracetic acid (50 ml) is added slowly followed by hydrogen 
peroxide (5 ml). The solution is gently heated to 70 °C and held there for 24 hours. 
Deionised water (200 ml) is added and neutralised with 5 % (w/v) sodium hydroxide 
solution. Half the solvent is removed by rotary evaporation and replaced with 
deionised water. The product precipitates out and can be removed by vacuum 
filtration. Product is recrystallised from ethanol to produce a solid with a yield of 
70%.
3.2.3 Electrophilic substitution of nitro group
4,4’-bipyridine-N,N’-dioxide (1.003 g, 5.33 mmol) is dissolved in concentrated 
sulfuric acid (25 ml). Fuming nitric acid (25 ml) is added gradually with cooling of 
the solution to prevent overheating. The solution is refluxed for 21 hours, nitrous 
oxide fumes are given off continuously. The solution is poured into 100 ml of ice 
water. Solid sodium carbonate is added gradually, careful of violent effervescence, to 
neutralise the acid. The solid residue is extracted with dichloromethane. A product 
was obtained after recrystallising the crude product with acetone.
3.2.4 Nucleophilic substitution of amine group
4,4’-bipyridine (5.002 g, 32.03 mmol) is dissolved in cumene, helped by gentle 
heating. Sodium amide (5.060 g, 129.71 g) is added to the solution. The solution is 
then refluxed for 24 hours. An insoluble precipitate is formed. Solution is cooled in 
ice and hydrochloric acid solution added until the acid reaction stops. The solution is 
filtered through charcoal and neutralised with a 5% (w/v) sodium hydroxide solution. 
The separated solid mass is recrystallised from toluene.
3.2.5 Nucleophilic substitution with trimethylsilane carbonitrile.
4,4’-bipyridine-N, N ’-dioxide (1.001 g, 53.19 mmol) and trimethylsilane carbonitrile 
(1.052 g, 10.60 mmol) were dissolved in dichloromethane (10 ml). The reaction was
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stirred for 5 minutes at room temperature. Dimethylcarbamyl chloride (1.141 g, 10.61 
mmol) was added and the solution stirred for 2 days. 10% (w/v) potassium carbonate 
solution (10 ml) was added and stirring continued for 5 minutes. The organic layer 
was separated and the aqueous layer was extracted twice with 5 ml dichloromethane. 
The combined dichloromethane layers were dried over anhydrous potassium 
carbonate and rotary evaporated to obtain crude products. Product was recrystallised 
from ethanol.
3.2.6 Nucleophilic substitution with potassium cyanide
4,4’-bipyridine-N,N’-dioxide (1.021 g, 5.43 mmol) is slowly heated in dimethyl 
sulfate (5 ml) to 140 °C in an oil bath. After 30 minutes, the cooled solution is poured 
into ethyl acetate. This solution is washed with deionised water (20 ml), which is then 
neutralised to pH 8 with 5% (w/v) sodium carbonate solution. Potassium cyanide 
(2.016 g, 30.96 mmol) is dissolved in deionised water (10 ml) and added to the 
aqueous solution. After 5 minutes, the precipitate is removed by vacuum filtration 
and recrystallised from ethanol.
3.2.7 Synthesis of dicyanodimethylviologen dimesylate.
2,2’-dicyano-4,4-bipyridine (1.011 g, 49.03 mmol) is heated in dimethyl sulfate (3 ml) 
to 120 °C for 15 minutes. The solid reagent gradually dissolves in the liquid and then 
a new off-white precipitate forms. The reaction mixture is poured into ethyl acetate. 
The remaining solid is collected and then recrystallised from aqueous ethanol.
3.2.8 Product Analysis
Melting points were determined visually using a Gallenkamp melting point apparatus.
FT-IR spectra of the 4,4’-bipyridine compounds were recorded on a Thermo 5700 
Nicolet FT-IR spectrometer. Samples were measured using a SMART speculATR 
accessory in attenuated total reflectance (ATR). The data were acquired after 100 
scans.
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NMR spectra of the compounds were recorded at 25 °C using a Jeol ECX300 
instrument operating at 300 MHz. Samples were run in trifluoracteic acid-d with 
tetramethylsilane as reference. The number of scans was 16, the acquisition time was
3.63 s and the repetition time was 4.63 s.
3.3 Results and Discussion
3.3.1 Synthesis of 4,4’-bipyridine-N,N’-dioxide
To synthesise viologens with positive redox potentials, 4,4’-bipyridine first needed to 
undergo substitution reaction with appropriate substitution groups. To increase the 
reactivity to substitution at the carbon atoms, 4,4’-bipyridine was converted to 4,4’- 
bipyridine-N,N’-dioxide (Fielden and Summers 1974).
4,4’-bipyridine N,N’-dioxide was synthesised and melting point was measured as 198 
°C that compares to literature values of between 202 and 305 °C (Fielden and 
Summers 1974). This range is probably due to variation in the water of 
crystallisation. FT-IR peaks for identification were 1234 and 1185 cm '1 related to the 
O-N stretches (Baures et a l  2000). There was also a peak at 1473 cm '1 which could 
be related to aromatic C=N stretch shifted from 1587 cm '1 for 4, 4 ’-bipyridine.
3.3.2 Electrophilic substitution of nitro group
The nitro group is an electron withdrawing group and was therefore of interest for 
producing viologens with more anodic redox potentials. 4,4’-bipyridine is not 
reactive enough for electrophilic substitution to occur with nitric acid in concentrated 
sulfuric acid. Fuming nitric acid in concentrated sulfuric acid and 4,4’-bipyridine- 
N,N’-dioxide is used to increase reactivity. The solid product obtained from the 
reaction was analysed by FT-IR, Figure 3.2, and ^  NMR Figure 3.3.
Nitro compounds show a NO 2  symmetric and antisymmetric stretch absorption in FT- 
IR spectra at 1360-1320 cm '1 and 1560 -  1480 cm"1 respectively. The large broad
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peak in the spectrum, Figure 3.2, at 1342 cm"1 falls into both these regions and could 
be due to the presence of nitro groups.
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Figure 3.2: FT-IR spectrum for product of the reaction of 4,4’ -bipyridine-N,N’ - 
dioxide with fuming nitric acid in concentrated sulfuric acid.
The H NMR spectrum of 4,4’-bipyridine has two doublet peaks, due to the symmetry 
of the molecule leading to two different proton environments. The target molecule 
2,2’-dinitro-4,4 ’-bipyridine would have 3 different proton environments, one singlet 
and two doublets. The spectrum of the product of this reaction, Figure 3.3, shows two 
main peaks with equal integration. NMR therefore showed no substitution had 
taken place onto the pyridine rings and no reaction had taken place.
3.3.3 Nucleophilic substitution of amine group
Substitution of an amine group onto a pyridine type ring is called a Chichibabin 
reaction. This is a nucleophilic substitution reaction, where the nucleophile, N FF, is 
generated from sodium amide, either produced in situ by reaction of sodium and
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ammonia, or by direct addition when ammonia is not the solvent. The Chichibabin 
reaction of 4,4’-bipyridine has been reported, using cumene as the reaction solvent 
(Horsters and Dohm 1924, Leffler 1942). As amino groups are electron donating, a 
more anodic redox potential viologen may not be produced directly; this compound is 
still interesting due to the possible interconversion to the nitro group (Warren 2003).
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Figure 3.3: H NMR spectrum for product of the reaction of 4,4’-bipyridine-N,N’- 
dioxide with fuming nitric acid in concentrated sulfuric acid.
The product of the reaction had a melting point of 98 °C, which compares to a 
literature value of 183 °C (Horsters and Dohrn 1924). The product was analysed 
using FT-IR, Figure 3.4 and ^H NMR, Figure 3.5. In FT-IR spectra, primary aromatic 
amines show NH2 stretch absorptions at 3380 and 3300 cm"1. An NH2 deformation is 
also characteristic at 1630-1600 cm"1. The FT-IR spectrum of the product showed 
peaks at 3291, 3150, 3025 and 2921 cm"1. These could be related to the NH2 
stretching absorptions. The peak at 1589 cm"1 is for the aromatic O N  bond and not 
related to the NH2 deformation.
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Figure 3.4: FT-IR spectrum for the product of the reaction of 4,4’-bipyridine with 
sodium amide in cumene.
If the desired product was produced, the 'H NMR spectrum would show additional 
peaks representative of the four NHi protons. However, this is not the case in the 
spectrum, Figure 3.5. The desired product has not been produced. The integration of 
the two main peaks gives a 0.74:1.0 ratio, this suggests substitution at one of the eight 
4,4’-bipyridine protons has taken place. There is possibly a mixture of reaction by­
products.
3.3.4 Nucleophilic substitution with trim ethylsilane carbonitrile
Nucleophilic substitution of a cyano group onto a pyridine ring can be carried out by 
the reaction of N-alkoxypyridinium salts with potassium cyanide. This method has 
been superseded for pyridine reactions by conversion of the pyridine first to a silyloxy 
or carbamate, the reaction scheme is shown in Figure 3.6 (Joule 1998, Fife 1983).
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Figure 3.5: 1H NMR spectrum for the product of the reaction of 4,4’-bipyridine with 
sodium amide in cumene.
The product from the reaction of 4,4’-bipyridine-N,N’-dioxide with trimethylsilane 
carbonitrile had a melting point of 300 °C that compares with a literature value of 248 
°C (Fielden and Summers 1974). The product was analysed using FT-IR, Figure 3.7 
and *H NMR, Figure 3.8. In the FT-IR spectrum, the peak at 2238 cm '1 indicates the 
presence of the cyano group. There is also a strong peak 1257 cm '1 which is possibly 
associated with Si-CFF and a peak at 1183 cm '1 due to Si-O-C, both of which would 
be associated with the trimethylsilane carbonitrile suggesting complications in the 
reaction and product isolation process.
The H NMR spectrum, Figure 3.8, shows two peaks with equal integration for the 
4,4’-bipyridine protons. If substitution onto the bipyridine rings had occurred there 
would be three peaks due to the lack of symmetry of the proton environments. This 
suggests the reaction had not occurred.
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Figure 3.6: Reaction scheme of pyridine-N-oxide with trimethylsilane carbonitrile to 
produce 2-cyanopyridine (Fife 1983).
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Figure 3.7: FT-IR spectrum of the product of the reaction of 4,4’ -bipyridine-N,N’ - 
dioxide with trimethylsilane carbonitrile.
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X : parts per Million : 1H
Figure 3.8: H NMR spectrum of the product of the reaction of 4,4’ -bipyridine-N,N’ - 
dioxide with trimethylsilane carbonitrile.
3.3.5 Nucleophilic substitution with potassium cyanide
As the reaction of 4,4’-bipyridine-N,N’-dioxide with trimethylsilane carbonitrile 
failed to produce the disubstituted product, reaction with potassium cyanide was 
carried out. The product from this reaction had a melting point of 219 °C, which 
compares with a literature value of 248 °C. The FT-IR spectrum of the product, 
shown in Figure 3.9, was used for product identification. Characteristic peaks for 
identification were 3063 cm"1 for the Ar-H stretch, 2239 cm"1 for the C=N stretch and 
1586 cm 1 for the C=N aromatic ring stretch.
The product was also analysed by ]H NMR, and the spectrum is shown in Figure 3.10. 
The *H NMR spectrum of unreacted 4,4’-bipyridine shows two peaks relating to the 
two proton environments. When substitution occurs at the 2 and 2’ positions, there 
are now three proton environments, each relating to two protons. The H NMR 
spectrum, Figure 3.10, of the product shows three proton environments that have
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Figure 3.9: FT-IR spectrum of 2,2’-dicyano-4,4’-bipyridine produced from the 
reaction of 4,4’bipyridine and potassium cyanide.
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Figure 3.10: ‘H NMR spectrum of 2,2,-dicyano-4,4’-bipyridine produced from the 
reaction of 4,4’bipyridine and potassium cyanide.
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equal integrations. The peak positions are consistent with the literature (Fielden and 
Summers 1974), where a quartet at 8.85-9.0 ppm for the protons at position c, a 
doublet at 9.24-9.26 ppm for the protons at position c and a doublet at 9.42-9.52 ppm 
for the protons at position a. This is in contrast to the H NMR spectrum of the 
product produced by reaction with trimethylsilanecarbonitrile where no substitution of 
the 4,4’-bipyridine protons was seen.
3.3.6 Synthesis of dicyanodimethylviologen dimesylate.
The final reaction step to produce the desired viologen compound was to react 2,2’- 
dicyano-4,4 ’-bipyridine with dimethyl sulfate. The melting point of the product was 
230 °C, which compared to a literature value of 253 °C (Fielden and Summers 1974).
The FT-IR spectrum of the product, Figure 3.11, showed characteristic peaks at 2239 
cm"1 for the cyano group, 1589 cm"1 for the aromatic C=N stretch, 1535 and 1466 cm" 
1 for the aromatic C-C stretch, 1223 and 985 cm"1 for sulfonate stretches and 1183 cm 
1 for the C-N+ stretch.
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Figure 3.11: FT-IR spectrum of dicyanodimethylviologen dimesylate. 
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3.4 Conclusions
The need was identified for a viologen with a more anodic E l° ’ reduction potential 
for incorporation into an oxygen indicator system. Viologens with positive reduction 
potentials have been reported, such as 1 -benzyl-1 ’-( 1 -benzylpyiidinium-4-yl)-4,4’ - 
bipyridiniuim (Bongard et a l  2005) and dicyanodimethylviologen dimesylate 
(Fielden and Summers 1974). The synthesis of 2,2’-disubstituted-4,4 ’-bipyridine 
compounds was attempted where nitro and amino were the substitution groups. For 
the nitro reaction no substitution was seen to occur, as shown in the NMR 
spectrum, Figure 3.3. In the !H NMR spectrum for the amino compound, Figure 3.5, 
the integration of peaks showed a loss of one of the 4,4’-bipyridine protons, however 
there were still only two peaks and not three peaks as expected if substitution had 
occured, as seen in Figure 3.10. There were also no amino protons that would be 
expected if substitution had occurred. As the synthesis of 2,2’-diamino-4,4’- 
bipyridine has been previously reported via this synthesis route (Horsters and Dohm 
1924), it is possible that the original method was not accurately recorded in the 
literature.
Synthesis of the positive E l° ’ potential viologen dicyanodimethylviologen dimesylate 
was attempted. Historically this compound was prepared by the reaction of 4,4’- 
bipyridine dimethosulfate with potassium cyanide (Fielden and Summers 1974). 
More recently this route of producing 2-cyanopyridine from pyridine has been 
superseded by conversion of the pyridine first to a silyloxy or carbamate (Fife 1983). 
Therefore this method was used to attempt synthesis of 2,2’-dicyano-4,4 ’-bipyridine 
from 4,4’-bipyridine. Substitution was not confirmed in the NMR spectrum, 
Figure 3.8. This possibly suggests that whilst this method of substitution is effective 
for pyridine it is not suitable for 4,4’-bipyridine. Finally, synthesis of 2,2’-dicyano- 
4,4’-bipyridine was carried out using dimethyl sulfate and potassium cyanide. This 
was then reacted with dimethyl sulfate to produce the target molecule 
dicyanodimethylviologen dimesylate. The electrochemistry of this product was 
evaluated, Chapter 4: Cyclic Voltammetry of the Polyviologens and then trialled in an 
oxygen indicator to determine its stability to oxidation by air, Chapter 5: Viologen 
and Polyviologen Based Oxygen Indicators.
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Chapter 4: Cyclic Voltammetry of the Polyviologens
4.1 Introduction
This section details the studies of the electrochemistry of the synthesised viologens 
and polyviologens. As the electrochrome in an oxygen indicator, it is specifically the 
redox properties of the polyviologens, and their associated colour changes that are 
exploited. Therefore, an understanding of how the individual polymers synthesised 
behave is important. The viologen group has a two step redox cycle, going from the 
fully oxidised dication species (V2+) to the monocation radical species (V*+), and 
finally to the neutral quinoid species (V°). This redox chemistry is shown in Figure
1.4 in Chapter 1: Introduction.
Cyclic voltammetry is a useful technique to study the kinetics of redox reactions in 
solution. A potential is applied to a working electrode, and the current flow measured 
over a linear sweep of potentials. The potential is then reversed and the current 
measured. This provides information about both the reduction and the associated 
oxidation reactions of the analyte and gives an indication of the reversibility of these 
changes.
One of the aims of the current project was to produce a commercial oxygen indicator. 
To overcome shortfalls in the Strathclyde system, an indicator which detects oxygen 
at higher oxygen concentrations was desired. To accomplish this, various 
electrochromes were investigated with a range of redox potentials, to establish a link 
between reduction potential and oxygen concentration. Therefore accurate 
determination of reduction potential is important. The trial of these electrochromes in 
Strathclyde type oxygen indicator systems is detailed in Chapter 5: Viologen and 
Polyviologen Based Oxygen Indicators.
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4.2 Experimental Method
4.2.1 Reagents
Dulbecca A tablets were obtained from Oxoid, Basingstoke, UK. Polyviolgens were 
synthesised in Chapter 2: Synthesis and Characterisation of Polyviologens and 
dicyanodimethylviologen dimesylate was synthesised in Chapter 3: Synthesis and 
Characterisation of Redox-active Viologens. Alumina (particle size 100-250 mesh, 
63-149 pm) was purchased from Fisher Chemicals, Loughborough, UK. Potassium 
ferrocyanide (98%) was obtained from BDH Laboratories. All other reagents were 
purchased from Sigma-Aldrich, Gillingham, UK: potassium bromide (>99.0%); 
sodium p-toluenesulfonate (sodium tosylate, 95%).
4.2.2 Equipment
The electrochemical analysis of the viologens and polyviologens was carried out 
using a Metrohm pAutolab II electrochemical instrument, with a saturated Ag/AgCl 
reference electrode (Windsor Scientific, Slough, UK), Pt foil counter electrode 
(Windsor Scientific, Slough, UK) and a glassy carbon working electrode with a 
diameter of 2 mm (Windsor Scientific, Slough, UK). Potential sweeps were carried 
out from 0 mV to between 600 and 1200 mV, depending on the potential of the redox 
step investigated. Scan rates were 0.1 V/s and step potentials were 0.01 V.
As the reference electrode was Ag/AgCl, values were corrected to Normalised 
Hydrogen Electrode (NHE), by the addition of 199 mV. This allowed some 
comparison with potentials quoted in the literature.
To reduce surface adsorption interaction from sample to sample, the glassy carbon 
working electrode was cleaned with an alumina slurry between every run. The 
alumina slurry was produced by mixing alumina with 2 ml of deionised water. There 
was also the possibility of platinum from the counter electrode contaminating the 
working electrode. A small contamination of platinum on the counter electrode would 
have a significant detrimental effect on the cyclic voltammetry results. This was also 
mitigated by cleaning with alumina slurry.
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4.2.3 Sample Preparation
Initially samples were analysed in a phosphate buffer saline solution produced by 
dissolving 10 Dulbecco A tablets into a 1 litre volumetric flask. This aqueous 
solution composed of 137 mmol dm"3 of sodium chloride, 3 mmol dm'3 of potassium 
chloride, 8 mmol dm'3 of sodium hydrogenphosphate and 1.3 mmol dm'3 of potassium 
hyrdogenphosphate. With the viologen and polyviologen system, however, the 
electrolyte and buffer in the sample can ion exchange with the polymer. For this 
reason, the sample preparation was simplified to a single electrolyte. Samples were 
prepared in 140 mmol dm'3 KBr aqueous solution, as bromide was the most common 
anion for the polyviologens synthesised. 140 mmol dm'3 sodium tosylate solution 
was also used for a selection of the samples, including the polyviologens with the 
tosylate counter ion.
In previous work (Bird and Kuhn 1989), viologen compounds have been analysed at 
10 mmol dm"3 concentrations. Due to variation in molecular weight of the 
polyviologens, in an attempt to keep the concentration of the redox active viologen 
group constant throughout, solutions were made to equivalent 10 mmol dm'3 
concentrations using the “RMM” of the repeating unit. Dissolved oxygen is the cause 
of a variety of interactions within an electrochromic cell, including direct reduction of 
oxygen at high cathodic potentials, as well as oxidation of the reduced species in 
solution. The solutions were therefore degassed to remove dissolved oxygen, by 
bubbling nitrogen through the solutions for 10 minutes. Nitrogen was produced from 
boil off of a liquid nitrogen dewar.
The potassium ferrocyanide sample was prepared as 10 mmol dm"3 in 140 mmol dm'3 
KBr aqueous solution. This solution was degassed with nitrogen as with the 
polyviologen solutions.
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4.3 Results
4.3.1 Reference
As a reference, potassium ferrocyanide was run to ensure the system was working 
properly. The ferrocyanide shows a classically reversible one electron redox system:
Equation 4.1: [Fe(CN)6]4- ?=* [Fe(CN)6]3 -+ e“
with a reduction peak, Epc, at 355 mV and an oxidation peak, Epa, at 483 mV. On 
repeat scan the peak positions and current are super imposable indicating reversibility. 
For a reversible redox reaction the peak currents should be equal and opposite. For 
the ferrocyanide couple, the current of the reduction peak, I(Epa), is 5.84 x 10"5 A and 
the oxidation peak, I(Epc) is -5.92 x 10‘5 A.
4.3.2 Reversibility of the Polyviologen Electrochemistry
Although the E l reduction is reversible, there are additional complications in the 
polyviologen voltammograms due to limited solubility of the cation radical compared 
with the dication. Consequently, when the dication is reduced, the cation radical 
species is sometimes insufficiently soluble in aqueous solution and precipitates onto 
the electrode. Some of the cyclic voltammograms therefore, show only pseudo 
reversibility of the redox peaks. However, reproducible values for the redox potential 
can be obtained even when the reaction is somewhat less than reversible (Bird and 
Kuhn 1989). For a truly reversible system repeated scans would be super imposable 
on all previous scans. The peak potential separation, dEp, for a reversible system is 
equal to 59/n mV, where n is the number of electrons involved in the redox reaction. 
For the polyviologens analysed, dEp values between 43 and 192 mV were obtained. 
The maximum peak currents for the reduction and oxidation peaks should also be 
equal and opposite. As an example of a polyviologen showing pseudo reversibility, 
the cyclic voltammetry scans of PPV-Br are shown in Figure 4.1. The dEp of the 
redox peaks is 96 mV. The I(Epc) is -2.33 xlO"5 A and I(Epa) is 1.22 x 10'5 A. The 
I(Epa) is almost half the value of I(Epc).
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Figure 4.1: Voltammograms of multiple scans of the E l reaction of PPV-Br, in KBr
electrolyte.
The pseudo reversibility is evident from a non reversible shoulder at -150 mV and the 
shift of the peaks on subsequent scans. There is also the possibility the sample is not 
pure, and there is a component which is irreversible. If there are different redox 
reactions occurring there would be different voltammograms superimposed to form 
the overall voltammogram. This would lead to shifts in Epa and Epc and variation in 
the peak heights. Other polyviologens showed greater reversibility, for example 
PBV-Br, shown in Figure 4.2, although this polymer still shows a slight irreversible 
hump at -180 mV, and an anomalous apparently oxidative peak at -250 mV. The dEp 
of the peaks is -85 mV. The I(Epc) is -1.80 x 10~5 A and I (Epa) is 1.22 x 10"5 A. 
These values are closer than PPV-Br, but there is still a reduction in the oxidation 
peak height.
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Figure 4.2: Voltammograms of multiple scans of the E l reaction of PBV-Br, in KBr
electrolyte.
Another consideration for limited reversibility of the polyviologen redox system is 
association with the anion. Previous study has shown that the dissociation of the
charge transfer complex is the rate limiting step for electron transfer reduction.
Reversibility of the system will be limited if the system has slow electrode kinetics, 
therefore the degree of charge transfer between the polyviologen and the anion will 
affect the reversibility of the system (Monk 1998). The association of the 
polyviologen and the anion will also affect the oxidation reaction. When the 
polyviologen is single electron reduced one of the anions is released from ion 
association, as in Equation 4.2:
Equation 4.2: [PV2+ 2X ] + e —  [PV+* X ] + X
Equation 4.3: [PV+* X ] + e =  [PV°] + X
When the reverse oxidation reaction occurs, the anion has to reassociate with the
polyviologen dication and this can lead to a larger dEp. This is especially significant 
when precipitation occurs and the anion needs to migrate into the deposited film (Hsu
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2008). For the E2 redox potential, this will be more significant, due to the insoluble 
neutral polymer, Equation 4.3.
Full scans to -1000 mV can be used to show information on both the E l and E2 
reactions. In practice, this leads to further irreversibility in the voltammograms. In 
aqueous solution there are solubility issues of the non ionic, fully reduced 
polyviologen form, leading to deposition onto the electrode. As the fully oxidised 
polyviologen is neutral, on oxidation the anion has to migrate through the solid 
precipitate to reassociate with the polyviologen (Hsu 2008). This contributes to the 
increase in dEp values for the E2 redox peaks. There is also a build up of solid on the 
electrode, which creates a diffusion barrier for polyviologens to reach the electrode. 
These complications result in the generation of quasi-reversible voltammograms. 
There is also the possibility of the comproportionation reaction, where fully reduced 
polyviologen acts as a reducing agent on the dication species. In theory this would 
result in lower E2 I(Epa) and increases in E l I(Epa). However in aqueous solutions 
where the solubility of the E2 oxidised product is poor this reaction is limited. 
Comproportionation reaction would be more significant if acetonitrile or DMF were 
the solvent (Rosseinsky and Monk 1990).
The reversibility issues caused by the E2 reaction are resolved by limiting the 
maximum potential of the sweep below the E2 Epc, so that the fully reduced species 
is not produced. In the context of an oxygen indicator, it is the properties of the E l 
redox reaction that is important. Full E l and E2 voltammograms are included, and 
show varying degrees of reversibility. The full E l and E2 scans of PBV-Br are shown 
in Figure 4.3. The full scan is detrimental to the reversibility of the E l peaks, as seen 
by the decrease in both the E l I(Epa) and I(Epc). The E l only scan for this polymer 
is shown in Figure 4.2 above.
The full E l and E2 scans of PmXV-Br are shown in Figure 4.4. This polymer shows 
an interesting double peak in the E2 region. E2 related reduction peaks occur at -666 
and -794 mV, and the corresponding oxidation peaks at -527 and -602 mV. This 
could be due to the reduction of a dimer species produced by Equation 4.4 or 
Equation 4.5, or the reduction of an electrodeposited species.
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Figure 4.3: Voltammograms of multiple scans of the E l and E2 reactions of PBV-Br.
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Figure 4.4: Voltammograms of multiple scans of the E l and E2 reactions of PmXV-
Br.
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Equation 4.4: 
Equation 4.5:
2PV*+ [PV22+]
PV2+ + PV° [PV22+]
4.3.3 Redox Potentials
For a wide range of polyviologens the peak potentials for reduction, Epc, and 
oxidation, Epa, for E l and E2 are shown in the Table 4.1. The first redox step is the 
generation of the radical monocation from the dication species. As the polyviologens 
do not show classical reversibility, the dEp values are not 59 mV. Previous work on 
the redox potentials of viologens (Bird and Kuhn 1989) have quoted formal electrode 
potentials, E ° \ which are produced from the mean value of Epc and Epa. Other work 
has quoted redox potentials as E% values obtained from polarographic methods 
(Factor and Heinsohn 1972). As the polyviologens are to be used as oxygen 
indicators, it is the interaction of the singularly reduced species with molecular 
oxygen that is relevant. E°’ values for E l, referred to as E l0’, obtained for the 
polyviologens analysed here were briefly compared with literature values. The E l° ’ 
redox potentials are reported to be pH independent in the range 1-13. The E2°’ 
potentials show slight pH dependence, due to the ability of the fully reduced species 
to protonate at low pH (Elofson and Edsburg 1957, Monk 1998).
The E l° ’ is indicative of the stability of the radical electron. The stability of the 
radical is due to delocalisation of the radical over the n framework of the dipyridyl 
core. Depending on the N and N ’ substituent’s of the viologen they can stabilise the n 
system or bear some of the charge.
There are various variables within the samples, such as anion, molecular weight, 
spacer group. Therefore isolating the contribution of individual factors to overall 
change in potential is difficult.
Comparison of the electrochemistry of the potentials obtained here and simple 
viologens quoted in the literature is difficult due to the variation in detection and 
recording forms and limited reversibility of the polyviologens. E l° ’ values of 
viologens are quoted but E l° ’ values for the polyviologens prepared here may be 
misleading, due to larger dEp. For example, the E l reaction for methylviologen
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Table 4.1: Polyviologen reduction and oxidation potentials (adjusted vs. NHE)
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analysed here, had an Epc of -480 mV, and an Epa of -360 mV which gives an E l° ’ of 
-420 mV. In the literature, on the occasion when peak potentials are quoted, Epc and 
Epa values are -478 and -428 mV respectively (Xiao et. a l  2008). Although the Epc 
of both works differ by 2 mV, the literature Epc and Epa would provide an E l° ’ value 
of -453 mV, a difference of 33 mV. Therefore comparison of the literature E°’ values 
and the values obtained here will be kept to a minimum.
Polyviologens have been reported to show a greater separation of the E l05 and E20’ 
redox potentials, AE, as E l° ’ occurs at a more anodic potential and E2°’ occurs at a 
more cathodic potential (Sato and Tamamura 1979). The polymers synthesised here, 
show a larger AE in comparison to methylviologen, as the E l0’ occur at more anodic 
potentials. However the E2°’ potential of methylviologen is comparable to the 
majority of the polyviologens, and some even occur at more anodic potentials, i.e. 
PBV-Br occurs at -741 mV. This increase in AE for polyviologens compared to 
monomeric viologens, has been suggested to be useful in electrochromic devices 
(Sato and Tamamura 1979). Over reduction of the viologen to the fully reduced 
neutral state leads to reduction in the reversibility of the device. As a comparison of 
the AE effect, cyclic voltammogram scans are shown for methylviologen and 
PBV-OTs, in Figure 4.5 and Figure 4.6.
Of the polyviologen samples, the most anodic E l° ’ was seen to be PoXV-Br, -58 mV. 
The voltammogram is shown in Figure 4.7. The literature quote a E% value of -109 
mV for this polyviologen (Factor 1972, converted from SCE). PpXV-Br also showed 
a similar low E l° ’, -165 mV; the literature E% value was -194 mV (Factor 1972, 
converted from SCE). PmXV-Br had an E l° ’ of -148 mV; the literature E% value was 
-203 mV (Factor 1972, converted from SCE). The aromaticity of the xylyl spacer 
group stabilises the radical cation by allowing further resonance stabilisation across its 
îi system. This means the dication more readily gains an electron and the reduction 
peak occurs at a more anodic potential.
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Figure 4.5: Voltammogram of E l and E2 reactions of methylviologen chloride
-175 mV
-400 20010001200
-816 mV
-260 mV
6.ÜÜE 05
Potential (mV)
Figure 4.6: Voltammogram of El and E2 reactions of PBV-OTs in KBr electrolyte.
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Figure 4.7: Voltammogram of the E l reaction of PoXV-Br.
Compared with the xylyl N-substituents, the alkyl substituents showed lower 
potentials, which is due to an increase in electron density of the dipyridyl ring due to 
the electron donating alkyl group (Enomoto and LaVerne 2008). When synthesised 
with the bromide counter ion, there was not a direct relation between the size of the 
alkyl group and the redox potential. PEV-Br had the most cathodic E l° ’, -373 mV, 
while PBV-Br the most anodic, -229 mV. However PPV-Br, the longer alkyl chain, 
had an E l° ’ of -255 mV.
When the polyviologen is solvated, the anion can either fully dissociate from the 
cationic polymer or the polymer and anion can form a solvated ion pair. In aqueous 
solution, with highly ionic anions, such as halides, there is assumed a large degree of 
solvation. This means that in the viologen system, the viologen, anion and electrolyte 
are liable to ion exchange. In the samples where a buffer electrolyte solution was 
used, there is the possibility that the anions present in the buffer will interact with the 
cation polymer. This makes determining the affect of the anion on the potentials more 
complicated. As the anion has an effect on the redox potentials of the viologens the 
electrolyte within the samples is important for the cyclic voltammetry investigation.
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For the samples prepared with tosylate as the anion, there will be ion exchange with 
the bromide in the electrolyte when the solution is made. In an effort to clarify 
anion/electrolyte interactions, polyviologens were analysed with both a KBr and a 
NaOTs electrolyte. If complete ion dissociation is assumed, there should be no effect 
of the original anion, which would be lost in the excess of the electrolyte. E l° ’ for 
PBV-OTs and PHV-OTs both showed a cathodic shift of 37 mV, when NaOTs 
electrolyte is used compared to KBr. The increase in peak current is possibly due to 
the different electrolyte or experimental error in sample preparation. The 
voltammograms of PBV-OTs in both electrolytes are seen in Figure 4.8. A 42 mV 
cathodic shift of E l° ’, for the tosylate electrolyte, is also seen for PpXV-Br, -138 mV
-475 mV
16026i
4.00E OS-260 mV
9.00E OS
— KBr
 NaOTs
Potential (mV)
Figure 4.8: Voltammograms of the E l reaction of PBV-OTs analysed in KBr and
NaOTs electrolyte.
for KBr and -180 mV for NaOTs. The cathodic shift of E l0’ for PBV-Br sample was 
10 mV when analysed with NaOTs electrolyte. This suggests the tosylate anion 
results in a cathodic shift of the reduction potential, -10-42 mV.
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For the polyviologen samples with the tosylate anion dEp was dependent on 
electrolyte; for PBV-OTs the dEp when analysed in KBr and NaOTs was 85 and 160 
mV. The larger dEp value indicates the system is less reversible. This could be due 
to limited migration of the larger tosylate ion compared to bromide ion.
4.3.4 Molecular weight effect on redox potential
PBV-Br was synthesised with a degree of polymerisation of 3 and 7-8, due to the 
effect of reaction solvent, acetonitrile and DMF, as in Chapter 2: Synthesis and 
Characterisation of Polyviologens. When analysed by cyclic voltammetry, the E l° ’ 
potentials were not seen to show large a shift. The larger degree of polymerisation 
was produced when DMF was the solvent and this polymer had an E l0’ of -234 mV. 
The E l° ’ potential of this polymer showed a cathodic shift of 5 mV, compared with 
the lower degree of polymerisation, -229 mV. The PBV-OTs compound had a degree 
of polymerisation of 14 and had an E l° ’ potential of -218 mV. If the effect of the 
tosylate anion is ignored, due to the excess of the KBr electrolyte, the 
electrochemistry of PBV-OTs can be compared with that of PBV-Br, Figure 4.9. The 
increase in peak current, for higher molecular weight samples could be due to more 
redox active groups present at the electrode in the longer polymer chains. However, it 
could be due to experimental error, as peak current is related to concentration. A 
further range of polyviologens with different molecular weights would be required to 
investigate this further.
PpXV-Br when synthesised in DMF showed no increase in polymerisation compared 
to when it was synthesised in acetonitrile. So these polymers could not be used to 
verify any effect of degree of polymerisation on the electrochemistry of the 
polyviologens. However, it is relevant to note the DMF polymer had an E l° ’ o f -138 
mV, while the polymer synthesised in acetonitrile had an E l0’ of -165 mV.
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Figure 4.9: Voltammograms of the E l reaction for PBV-Br polymers with a degree
of polymerisation of 3 (acetonitrile) and 7-8 (DMF), and also PBV-OTs, with a degree 
of polymerisation of 14, all in KBr electrolyte.
The stated differences in E l0’ are quite small, 5-27 mV and this could be due to 
experimental error. Experimental error could be due to instability of the cyclic 
voltammetry system or impurities within the samples. Samples run with an 
incorporated reference should be considered. From this work though it can be seen 
there is no significant shift of reduction potential related to degree of polymerisation. 
This corroborates work carried out on oligomeric type polyviologens. In this work it 
stated that the polymerisation effect on the potentials of the viologens is real, but 
when polymerisation was greater than 1, there was no direct effect on the reduction 
potential with further increases in degree of polymerisation (Sato and Tamamura 
1979).
4.3.5 Positive redox potential Viologens
As a route to produce an oxygen indicator with a higher tolerance of oxygen a positive 
E l0’ potential viologen was required. In this case, the radical cation needs to be more
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stable to oxygen, and therefore the indicator will only indicate the presence of oxygen 
at relatively high oxygen concentrations, i.e. >2%. The redox potential of the 
viologens is affected by the substituent groups on the ring nitrogens and also the 
substituents on the ring carbons (Fielden and Summer 1974, Bongard et a l  2005, 
Ballardini et a l  2007). The cyano group, which is known for its electron withdrawing 
character, at the 2 position on the pyridine ring stabilises the radical electron produced 
after reduction.
The viologen dicyanodimethylviologen dimesylate was synthesised in Chapter 3: 
Synthesis and Characterisation of Redox-active Viologens. The literature for this 
viologen reports an E l° ’ of 90 mV (Fielden and Summer 1974). In comparison to 
PBV-Br, -229 mV, and methylene blue, 11 mV, this is of great interest for analysis 
with low concentrations of oxygen. The voltammograms of multiple scans of the El 
reaction are shown in Figure 4.10. The obtained E l° ’ value was 63 mV. This is not
2.00E-ÛS i 100 mV
1.00E 05 -
380180 280120
  S c a n  1
- —  S c a n  2 
S c a n  3 
-—  S c a n  4 
  S c a n  5
25 mV
-4.00E-0S J
Potential (mV)
Figure 4.10: Voltammograms of multiple scans of the E l reaction of 
dicyanodimethylviologen dimesylate.
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quite as anodic as the literature states, but is still significant for studies within the 
Strathclyde system, Chapter 5: Viologen and Polyviologen Based Oxygen Indicators.
As with the polyviologens when the potential sweep is restricted to below E2°’, the 
E l redox reaction is reversible. In this case, dEp is -75 mV, and I(Epc) is -2.67 x 10"5 
A and I(Epa) is 2.25 x 1 0 5 A. However when the potential sweep is extended to 
analyse the E2 reaction, Figure 4.11, the reversibility of E l is adversely affected. The 
I(Epa) decreases in consecutive scans, and there is the appearance of an oxidation 
hump on the E2 oxidation peak.
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Figure 4.11: Voltammograms of multiple scans of the El and E2 reactions of
dicyanodimethylviologen dimesylate.
4.4 Conclusions
The electrochemistry of the polyviologens has been investigated. The cyclic 
voltammetry show that the El redox reaction, for some of the polyviologens is only 
pseudo-reversible. This is shown by variation in subsequent scans. There is a 
decrease in I(Epa) as well as shifting of the peak potentials, as seen with PPV-Br in
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Figure 4.1. All the polyviologens showed irregularities in the separation of Epc and 
Epa, in that they did not represent a reversible single electron redox reaction, where 
dEp is 59 mV. In the polyviologens, dEp varied between 43-192 mV. However, 
some polyviologens show better reversibility, as in PBV-Br. The largest dEp values 
occurred for PBV-OTs and PHV-OTs when analysed with NaOTs electrolyte, and this 
could be due to limited migration of tosylate anion.
The reversibility of the polyviologens was further affected when scans were taken to 
lower potential and the monocation radical was reduced to the neutral species. This is 
due to the limited solubility of the neutral polymer which precipitates onto the 
electrode. The loss of reversibility of the E l reaction, is seen by decreases in I(Epa) 
in the repeated scans. The E2 redox peaks show an even greater dEp than for the E l 
redox reaction. This is due to precipitation of the polyviologen onto the electrode. 
For the oxidation reaction the anion has to migrate into the polyviologen film. This 
process also leads to fouling of the electrode as the deposits build up on the electrode 
which creates a diffusion barrier for the polyviologens to reach the electrode.
When NaOTs was used as the electrolyte there was a cathodic shift of E l° ’ compared 
to when NaBr was used. For both PBV-OTs and PHV-OTs this was seen to be 37 
mV. For PpXV-Br the shift was 42 mV to a more cathodic potential. PBV-Br 
showed a smaller shift of 10 mV.
The variation of E l° ’ for PBV-Br produced with a degree of polymerisation of 3 and 
7-8 was small, 5 mV. The E l05 is also comparable to PBV-OTs when analysed with 
KBr electrolyte. There was an increase in I(Epc) and I(Epa) which is possibly due to 
the larger number of redox centres present in the polymer chain, and are therefore in 
the vicinity of the electrode. However this could be due to variation in sample 
preparation.
The redox potential of the viologen dicyanodimethylviologen dimesylate synthesised 
in Chapter 3: Synthesis and Characterisation of Redox-active Viologens was 
determined. Cyclic voltammetry showed there was a shift to more anodic E l° ’ 
compared to unsubstituted methylviologen. When the potential sweep was restricted 
to potentials below E 2°\ this viologen was seen to be close to reversible, with a dEp
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of 75 mV and I(Epc) and I(Epa) which were seen to be similar. When the sweep was 
taken more cathodic to analyse the E2 reduction, the reversibility of the system was 
adversely effected, seen by a hump on the E2 oxidation peak and decrease in I(Epa) of 
E l. The E l05 of 63 mV was slightly lower than in the literature; however it is still 
significant for oxygen indicators with higher tolerances to atmospheric oxygen.
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Chapter 5: Viologen and Polyviologen Based Oxygen 
Indicators
5.1 Introduction
There are many established oxygen indicator systems. Chief among these is the 
Mitsubishi system, which is based on an electrochromic dye reduced by a base and a mild 
reducing agent (Yoshikawa 1979). The Mitsubishi system has been developed, so that 
the reduction process is a UV triggered process. One way of triggering the system is the 
Strathclyde system. This uses a semiconductor, which after exposure to UV light 
generates a free electron in the conduction band and an electron hole in the valence band 
(e" h+). The semiconductor is used as a mediator, as h+ oxidises a sacrificial electron 
donor, while the e" can then reduce the electrochrome, to its reduced form. The 
incorporation of the sacrificial electron donor increases the efficiency of the reduction 
process, by limiting inherent recombination of e" and h+ within the semiconductor. After 
the dye is oxidised, the reduced form can only be regenerated after subsequent exposure 
to UV light (Mills and Lee 2003).
In the Strathclyde system, the electrochrome is generally methylene blue; this dye is blue 
in the oxidized state and colourless (leuco) in the reduced state. As an example in the 
Strathclyde patent, benzylviologen, among other electrochromes, replaces methylene blue 
(Mills and Lee 2003). Viologens and polyviologens show the opposite colouration 
pattern to methylene blue; colourless in the oxidised form and coloured in the reduced 
radical cation form. Work was carried out to determine the performance of the 
polyviologens within the Strathclyde system.
The polyviologens were trialled as the redox dye in the Strathclyde system, and then their 
interaction with UV light and oxygen investigated. A viologen with an anodic redox 
potential, dicyanodimethylviologen dimesylate, and thionine were also incorporated into 
triggered oxygen indicators. Using these oxygen indicator formulations, the relationship
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between the reduction potential of the electrochrome and its stability to oxidation by 
atmospheric oxygen is investigated. Various grades of titanium dioxide were used in the 
system, to increase the efficiency of the reduction process. A brief investigation into a 
photolatent base triggered process was also carried out.
5.2 Experimental Method
5.2.1 Reagents
The polyviologens were synthesised in Chapter 2: Synthesis and Characterisation of 
Polyviologens, and dicyanodimethylviologen dimesylate was synthesised in Chapter 3: 
Synthesis and Characterisation of Redox-active Viologens.
Degussa P25 titanium dioxide was obtained from Degussa (Antwerp, Belgium). 
Optisol™ was obtained from Croda Chemicals Ltd (Snaith Goole, UK) and UV-Titan 
and Hombitec were obtained from Sachtleben Chemie GmbH (Duisburg, Germany). A 
sample of bead-milled Degussa P25, with SunChemical surfactant (JI-5) and industrial 
methylated spirits (R128) were obtained from SunChemical (St Mary Cray, UK). 
Titanate coupling agent Ken-React® KR 38S (isopropyl tri(dioctylpyrophosphato) 
titanate) was obtained from Kenrich Petrochemicals (New Jersey, USA). Deionised 
water was obtained from an Elga purelab option DV35. Polypropylene (Bicor™ 
20MB400) manufactured by ExxonMobil Chemical, Machelen, Belgium and Camclear 
was obtained from Amcor Flexibles Camvac, Thetford, UK. Epoxy adhesive (Lamal 
408-40A) and activator (C5083) were obtained from Rohm & Haas, Philadelphia, USA. 
Ethylenediaminetetraacetic acid disodium salt (sodium EDTA 99+%) and hydrochloric 
acid (35.5-37.5% (w/w)) were obtained from Fisher Chemicals, Loughborough, UK. All 
other reagents were obtained from Sigma-Aldiich: hydroxyethylcellulose (molecular 
weight -90000 g mol"1), triethanolamine (>97.0%); benzyl carbamate (99%); D-(+)- 
glucose (>99.5%); propylene carbonate (99.7%); titanium tetrachloride (>98.0%); benzyl 
alcohol (>99.0%); ethanol (>99.5%); tetrahydrofuran (>99.9%); titanium 
tetraisopropoxide (>97.0%), hexane (>97.0%).
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5.2.2 Instrumentation
Activation of oxygen indicators by UV exposure was carried out using a Natgraph UV 
rig, with a medium pressure mercury arc lamp which has major emission at a wavelength 
of 365 nm, and a conveyer speed of 20 m per minute, which supplied 370 ml cm'3 energy 
per pass. When comparing different oxygen indicators, all were activated by exposure to 
the same UV exposure conditions. Viologen based oxygen indicators required a single 
pass under the Natgraph UV rig, whilst methylene blue and thionine indicators required 
four passes for the colourless reduced form to be apparent.
Particle size measurements were carried out in dispersion using a Dispersion Technology 
Acoustic Spectrometer D TI200. Samples were run at a concentration of 1-2.5% (w/v) in 
ethanol. This method measures the attenuation of ultrasound travelling through a 
dispersion to calculate the particle size distribution.
Accurate oxygen concentrations in MA pouches were obtained using an Oxysense™ 
4000B instrument and a 5 mm OxyzDot® insert within the pouch. Oxysense™ measures 
fluorescence decay to accurately determine oxygen concentrations (discussed in Chapter 
1: Introduction), with lower detection limit of <0.03%. Oxygen concentrations were 
measured as % (v/v) and have been quoted as %.
The UV-Vis transmission absorptions of component parts of the laminates were 
measured using a PE Lambda 35 instrument. The Oceanoptics USB2000+VIS-NIR 
instrument was used to measure the absorption of the indicators, printed on white 
polypropylene, over the wavelength range 400-900 nm. A sample of clean white 
polypropylene was used as the background reference.
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5.2.3 Titanium dioxide sol-gel synthesis
Titanium dioxide particles produced from titanium tetrachloride
Under a nitrogen atmosphere and using a glass syringe, 2 ml of titanium tetrachloride was 
injected into 80 ml of benzyl alcohol with continuous stirring. The solution was left 
stirring for 7-21 days at room temperature. The resulting white suspension was 
centrifuged and the precipitate washed once with 20 ml of ethanol and twice with 20 ml 
of THF. After each washing, the solvent was removed by centrifuging. The collected 
material was dried overnight and ground to a fine powder using a pestle and mortar 
(Neiderberger et a l 2002).
Titanium dioxide particles produced from titanium tetraisopropoxide 
10 ml of titanium tetraisopropoxide was mixed with 50 ml of ethanol. Then a solution of
1.1 ml of concentrated hydrochloric acid in 30 ml of ethanol was added drop wise to the 
solution. A solution of 1 ml of H2 O in 30 ml of ethanol was then added drop wise to the 
solution over 15-20 minutes. To ensure complete reaction, the solution was allowed to 
stand overnight (Murakata et al. 1998).
The sample was then split and half was labelled as "TiOz (from Ti(OR)4 )”. The second 
half was reacted with a surface modifying agent, Ken-React® KR 38S, isopropyl 
tri(dioctylpyrophosphato) titanate. The surface agent was added at a ratio of 0.2 to 1 
titanium tetrapropoxide and required refluxing for 5 hours. This sample was labelled as 
“T i02 (from Ti(OR)4 + Ken-React)”.
The solvents in both samples were then removed by rotary evaporation to leave a 
resinous solid that was pulverised and dried to give the final products.
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5.2.4 Initial Oxygen Indicator Formulations
Hydroxyethylcellulose (HEQ solution
A 5% (w/v) solution of HEC was prepared by dissolving HEC (5.001 g) in deionised 
water and the solution made up to 100 ml, with slight heating and vigorous stirring.
Example 1 : Without sacrificial electron donor redox dye formulation 
Titanium dioxide (0.499 g, Degussa P25) and PpXV-Br (0.500 g) were added to 5% 
(w/v) HEC solution (20.001 g). The solution was stirred for 30 minutes and sonicated for 
30 seconds.
Example 2: Without redox dve formulation
Titanium dioxide (0.502 g, Degussa P25) and triethanolamine (0.602 g) were added to 
5% (w/v) HEC solution (20.004 g). The solution was stirred for 30 minutes and 
sonicated for 30 seconds.
Example 3: PpXV-Br redox dve formulation
Titanium dioxide (0.502 g, Degussa P25), triethanolamine (0.612 g) and PpXV-Br 
(0.500 g) were added to 5% (w/v) HEC solution (20.001 g). The solution was stirred for 
30 minutes and sonicated for 30 seconds.
Example 4: Zinc oxide as the semiconductor
Zinc oxide (0.847 g, 59% (w/v)) in industrial methylated spirits solution), PpXV-Br and 
triethanolamine (0.600 g) were added to 5% (w/v) HEC solution (20.010 g). The solution 
was stirred for 30 minutes and sonicated for 30 seconds.
Example 5: PBV-Br redox dve formulation
Titanium dioxide (0.502 g, Degussa P25), triethanolamine (0.606 g) and PBV-Br 
(0.253 g) were added to 5% (w/v) HEC solution (20.001 g). The solution was stirred for 
30 minutes and sonicated for 30 seconds.
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Example 6: PHV-OMs redox dve formulation
Titanium dioxide (0.505 g, Degussa P25), triethanolamine (0.601 g) and PHV-OMs 
(0.255 g) were added to 5% (w/v) HEC solution (20.006 g). The solution was stirred for 
30 minutes and sonicated for 30 seconds.
Methylene Blue redox dve formulation
A 5% (w/v) solution of methylene blue was prepared by dissolving methylene blue 
(5.003 g) in deionised water and making up to 100 ml. The 5% (w/v) methlyene blue 
solution (0.506 g), titanium dioxide (Degussa P25 0.504 g) and triethanolamine (0.604 g) 
were added to the 5% (w/v) HEC solution (20.009 g). The solution was stirred for 30 
minutes and sonicated for 30 seconds.
5.2.5 Oxygen Indicators with sodium EDTA as the sacrificial electron donor
PBV-Br/EDTA/HEC
Titanium dioxide (Degussa P25, 0.250 g), sodium EDTA (0.300 g) and PBV-Br (0.250 g) 
were dissolved in 5% (w/v) HEC solution (10 ml). The sample was sonicated for 30 
seconds.
PoXV-Br/EDTA/HEC
Titanium dioxide (Degussa P25, 0.252 g), sodium EDTA (0.300 g) and PpXV-Br 
(0.250 g) were dissolved in 5% (w/v) HEC solution (10ml). The sample was sonicated 
for 30 seconds.
PoXV-Br/EDTA/HEC
Titanium dioxide (Degussa P25, 0.250 g), sodium EDTA (0.300 g) and PoXV-Br 
(0.250 g) were dissolved in 5% (w/v) HEC solution (10 ml). The sample was sonicated 
for 30 seconds.
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Methylene blue/EDTA/HEC
The 5% (w/v) methylene blue solution (0.254 g), titanium dioxide (Degussa P25, 
0.251 g) and sodium EDTA (0.305 g) were added to 5% (w/v) HEC solution (10 ml). 
The solution was sonicated for 30 seconds.
5.2.6 Oxygen Indicators with polyvinylalcohol (PVA) as the binder
PpXV-Br/EDTA/PVA
Titanium dioxide (Degussa P25, 0.250 g), sodium EDTA (0.250 g) and PpXV-Br 
(0.250 g) were dissolved in 10.44% (w/v) PVA solution (10 ml). The sample was 
sonicated for 30 seconds.
Methylene blue/EDTA/PVA
Titanium dioxide (Degussa P25, 0.250 g), sodium EDTA (0.250 g) and 5% (w/v) 
methylene blue solution (0.250 g) were dissolved in 10.44% (w/v) PVA solution (10 ml). 
The sample was sonicated for 30 seconds.
PBV-Br/EDTA/PVA
Titanium dioxide (Degussa P25, 0.250 g), sodium EDTA (0.250 g) and PBV-Br (0.250 g) 
were dissolved in 10.44% (w/v) PVA solution (10 ml). The sample was sonicated for 30 
seconds.
5.2.7 Oxygen Indicators with different grades of titanium dioxide
UV-Titan redox dve formulation
UV-Titan titanium dioxide (0.251 g), sodium EDTA (0.250 g) and PpXV-Br (0.250 g) 
were added to 5% w/v HEC solution (10.003 g). The solution was stirred for 30 minutes 
and sonicated for 30 seconds.
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Hombitec redox dve formulation
Hombitec titanium dioxide (0.253 g), sodium EDTA (0.251 g) and PpXV-Br (0.252 g) 
were added to 5% w/v HEC solution (10.004 g). The solution was stirred for 30 minutes 
and sonicated for 30 seconds.
Optisol™ redox dve formulation
Optisol™ titanium dioxide (0.251 g), sodium EDTA (0.250 g) and PpXV-Br (0.250 g) 
were added to 5% w/v HEC solution (10.003 g). The solution was stirred for 30 minutes 
and sonicated for 30 seconds.
Titanium dioxide produced from titanium tetrachloride dve formulation 
Titanium dioxide (from titanium tetrachloride sol-gel method, 0.255 g), sodium EDTA 
(0.252 g) and PpXV-Br (0.251 g) were added to 5% w/v HEC solution (10.008 g). The 
solution was stirred for 30 minutes and sonicated for 30 seconds.
Titanium dioxide produced from titanium tetraisopropoxide
TiC>2 (from Ti(OR)4 ) (0.250 g) was mixed with 5% w/v aqueous solution of HEC (10 g). 
However, gelling of the sample occurred.
TiOz (from Ti(DR^) (0.249 g) was mixed with 10.44% aqueous solution of PVA (10 g). 
However, gelling of the sample occurred.
TiOz (from Ti(OR) 4  + Ken-React) (0.250 g) was mixed with 26% w/v solution of PVB in 
IMS (10 g). However, gelling of the sample occurred.
TiOz (from Ti(OR) 4  + Ken-React) (0.250 g), PpXV-Br (0.250 g) and triethanolamine 
(0.15 g) were added to methanol (2 g). This solution was mixed with 26% solution of 
PVB in IMS (10 g). However, gelling of the sample occurred.
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Milled Degussa P25 comparison
PBV-OTs (0.250 g), triethanolamine (0.150 g) and Degussa P25 (0.300 g) was stirred 
into 26% (w/v) polyvinylbutyral (PVB) solution in methanol (10.00 g). Additional 
methanol (0.300 g) was added to compensate for the additional solvent, in the milled 
Degussa 47.5% solution. The sample was sonicated for 30 seconds.
PBV-OTs (0.250 g), triethanolamine (0.150 g) and 47.2% milled Degussa P25 sample in 
methanol (0.629 g) was stirred into 26% PVB in methanol solution (10.00 g). The 
sample was then sonicated for 30 seconds.
5.2.8 Oxygen indicators with decreased sensitivity to oxygen
Methylene blue based oxygen indicator
A 2% (w/v) solution of methylene blue was prepared by dissolving methylene blue 
(1.031 g) in deionised water and then making up to 50 ml. This solution (0.253 g) was 
then mixed with titanium dioxide (Degussa P25 0.250 g) and sodium EDTA (0.253 g) in 
5% (w/v) HEC solution (10 ml). The ink was sonicated for 30 seconds.
Thionine based oxygen indicator
A 2% (w/v) solution of thionine was prepared by dissolving thionine (0.202 g) in 
deionised water up to 10 ml. This solution (0.260 g) was then mixed with titanium 
dioxide (Degussa P25 0.250 g) and sodium EDTA (0.251 g) in 5% (w/v) HEC solution 
(10 ml). The ink was sonicated for 30 seconds.
PBV-Br based indicator
PBV-Br (0.250 g), titanium dioxide (Degussa P25, 0.253 g), sodium EDTA (0.251 g) and 
were dissolved in 5% (w/v) HEC solution (10 ml). The sample was sonicated for 30 
seconds.
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Dicvanodimethvlviologen dimesvlate based indicator
Dicyanodimethylviologen dimesylate (0.250 g), titanium dioxide (Degussa P25 0.253 g) 
and sodium EDTA (0.252 g) are mixed into a 5% (w/v) HEC aqueous solution (10 ml). 
The solution is sonicated for 30 seconds.
5.2.9 Oxygen Indicator Formulations Based on a Photolatent Base
A 10% (w/v) solution of HEC was prepared by dissolving HEC (5.004 g) in deionised 
water and the solution made up to 50 ml, with slight heating and vigorous stirring. A 
10% (w/v) solution of benzyl carbamate was prepared by dissolving benzyl carbamate 
(1.002 g) in propylene carbonate and the solution made up to 10 ml with propylene 
carbonate. Glucose (2.505 g) and PpXV-Br were dissolved in 10% (w/v) HEC 
solution( 10.008 g). To this solution was added 10% (w/v) benzyl carbamate (1.005 g).
5.2.10 Printing of Indicator Inks
Oxygen indicator formulations were printed onto plastic film substrates, such as 
polypropylene and Camclear, by draw-down printing. This method of printing involves a 
k-bar rod that is drawn across the surface of the material to be printed. As the k-bar rod 
is drawn across the surface the ink is evenly spread over the substrate surface producing a 
thin coating. The thickness of the coating can be controlled using different k-bars. A 
No.2 k-bar was used to give a film thickness to show good colour intensity. The No.2 k- 
bar prints a wet film thickness of 12 pm. A hair dryer was used to facilitate drying of the 
film. Isopropanol was added as 5% (v/v) of the final ink formulation, at time of printing, 
to increase surface wetting and improve the surface coating.
5.2.11 Production of Laminates
Laminates were produced by sandwiching the indicator inks between two plastic films. 
To make the scenario as realistic as possible, one film had a low oxygen transmission rate 
(OTR), such as Camclear 0.19 cm2/100 in.2/24 h at 23 °C 50%RH. Camclear is a
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poly(ethylene terephthalate) film coated with a thin (-40 nm) alumina barrier coating 
layer to decrease the permeation of oxygen. Polypropylene has a relatively high oxygen 
migration, and was used as the other lamina. An epoxy laminator adhesive, produced by 
mixing Lamal 408-40A (1.811 g) and C5083 activator (0.107 g) in industrial methylated 
spirits (2.022 g), was used to complete the laminate. The adhesive was coated onto the 
polypropylene film using draw-down printing method and the two films sandwiched 
together using a roller to eliminate any air bubbles. The adhesive was cured at 40 °C for 
12 hours.
To eliminate the possibility of any chemical interaction between the dye and the laminate 
adhesive, an overcoat of 10% (w/v) PVB in methanol was applied over the redox dye 
before lamination.
5.2.12 MA pouches
Pouches were prepared from laminates of polyethylene and Camclear plastic films. 
Polyethylene was used to enable heat-sealing of the pouches; Camclear gave the pouches 
a low OTR. The pouch was then MA packed using a Multivac MVC200G instrument 
which firstly, evacuated the atmosphere to 1-5 mbar and secondly, admitted nitrogen to 
750 mbar. Thus the pouches were created with a nitrogen atmosphere with low oxygen 
concentration. The oxygen concentration increased passively over a period of time by 
migration through the Camclear laminate. Oxygen indicator films, made with different 
electrochromes, were printed using a No. 2 K-bar onto a white polypropylene film and 
included in the pouches before the MA packaging process.
5.3 Results and Discussion
5.3.1 Initial oxygen indicators
Oxygen indicator inks were produced following the Strathclyde patent (Mills and Lee 
2003), with a semiconductor, redox dye and sacrificial electron donor in a solvent. The
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polyviologens were soluble in water so the indicators were made in aqueous solution. 
HEC was used as a 5% (w/v) aqueous solution which acted as the base of the ink 
formulations and the polymer film former when the inks were printed. As well as 
indicators produced with PpXV-Br, PBV-Br and PHV-OMs, solutions with no dye and 
no reducing agent were produced, example formulations 1 - 6 .
The polyviologens produced stable ink solutions. An initial test to see how the samples 
behaved in an oxygen free environment was to place the inks between a slide with a 
concave depression and cover slip. In this form, the ink was still in the liquid state but 
isolated from atmospheric oxygen. Without exposure to UV light, the slides showed 
colour development gradually over 3 hours, from exposure to indoor halogen lighting. 
When the cover slip was removed the colour was lost. Oxygen was able to react with the 
electrochromes and cause them to oxidise to the colourless form. Immediate colouration 
was achieved by exposing the slides to UV light using a Natgraph UV rig, as seen in 
Figure 5.1. The sensitivity to reduction by ambient light could be attributed to the
2 4 6
1 3  5
Figure 5.1: Various redox active ink formulations, after being activated under the UV 
rig. Similar results were seen after exposing the samples to indoor lighting for three 
hours.
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absorption of the polyviologens at 260 nm (Chapter 2: Synthesis and Characterisation of 
Polyviologens, Mills 2006). However, when a sample was produced without 
semiconductor and with sacrificial electron donor, no colouration was seen. This agrees 
with previous work where the photoexcited species is quenched by the bromide ion to 
quench the photoexcited species [PBV2+]* before it can react with a suitable electron 
donor (Kamogawa et al. 1980, Hopkins et a l  1970). Emissions, from halogen lights, in 
the UVA region could be responsible for this activation, by excitation of the titanium 
dioxide.
For comparison with the polyviologens, a methylene blue based Strathclyde indicator was 
produced. Formulations were also produced with sodium EDTA as the sacrificial 
electron donor, and these showed comparable performance to triethanolamine.
5.3.2 Printing of Oxygen Indicators
The inks where cast as coatings on substrate films polypropylene and poly(ethylene 
terephthalate), using draw-down printing. This method represented a quick and easy 
method of forming thin coatings of the inks. Previous investigations of the performance 
of Strathclyde type oxygen inks used spin coating (2500-6000 rpm for 15-30 seconds) 
onto a cut-glass microscope slide (Mills and Lee 2003, Mills et. al 2008).
The original ink formulations did not form smooth films, due to inadequate wetting of the 
film surface. Isopropanol was added as 5% (v/v) of the final ink formulation, at time of 
printing, to increase surface wetting and improve the surface coating. The films were 
then activated using a Natgraph UV rig. The polyviologen PpXV-Br was used to 
compare the effectiveness of the polyviologens with methylene blue, Figure 5.2. The 
samples were activated simultaneously, by one pass under the Natgraph UV rig, and 
therefore show the same degree of UV exposure. A dark purple colour was generated for 
the polyviologen based system, which lasted less than a minute before bleaching back to 
the clear transparent film, suggestive of oxidation by air.
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Figure 5.2: Comparison between methylene blue (c and d) and PpXV-Br (a and b) based 
oxygen indicators, before (a and c) activation and immediately after (b and d) exposure to 
UV light.
Although there is still a distinct colour change for the methylene blue system, the 
PpXV-Br based indicator was seen to reduce much more efficiently. The colour change, 
from pale yellow to dark purple for PpXV-Br, was also much more impressive than dark 
blue to pale blue for methylene blue. Polyviologen based oxygen indicators required less 
UV irradiation to develop an intense colour change. Methylene blue based indicators 
required four passes under the Natgraph UV rig to completely bleach the colour. As the 
films were open to air, the oxidation of the electrochrome is occurring after UV 
activation and a high rate of oxidation could be responsible for the limited colour change 
seen for methylene blue. However, comparison of the redox potentials for methylene 
blue (11 mV vs. NHE) and PpX-Br (-165 mV vs. NHE) suggests that the reduced species 
of the latter is more readily oxidised (Harmann 2007). As a clear colour change can be 
seen for PpXV-Br, fast oxidation is unlikely to be the cause of limited reduction of 
methylene blue, Figure 5.2. The limited colour contrast of the methylene blue indicator 
is more likely a product of its strong coloured species being the oxidised form. In the 
methylene blue system, the indicator is blue when oxidised and a large proportion of the 
electrochrome needs to be reduced to the leuco form for the indicator to appear clear.
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This therefore requires large amounts of UV irradiation to mediate the reduction of large 
quantities of the electrochrome. The polyviologens on the other hand, are colourless in 
the oxidised form and any reduction of the electrochrome results in the generation of a 
distinct colour change. Only a small fraction of polyviologen needs to be reduced for a 
distinct colour change to occur. However, the more polyviologen reduced the more 
intense the colour change would be, and the more electrochrome in the reduced state to 
react with oxygen.
5.3.3 Laminate structures
In the end application of oxygen indicators in food packaging these indicators would be 
incorporated into a laminate structure within the actual packaging. A laminate structure 
is important to minimise the direct contact the component parts of the indicator 
formulation have with food products. Therefore the indicator inks were incorporated into 
laminate structures. Laminates were produced by sandwiching the indicator inks between 
two plastic films. To make the scenario as realistic as possible, one film had a low OTR, 
such as Camclear. Polypropylene has a relatively high OTR, and was used as the other 
lamina. Effectively oxygen could only diffuse through the laminate structure to the redox 
dye at an appreciable rate from one side. This selective oxygen diffusion was similar to 
food packaging; the MA gases are analysed for oxygen, whilst atmospheric oxygen has 
no interaction.
To ensure the component parts of the laminate were not interacting with the UV 
activation process of the indicator films, the individual transmission absorptions of 
component parts of the laminate were measured using a UV-vis spectrometer. There was 
no overlap that would reduce absorption by the semiconductor in the dye. Laminates 
produced activation results similar to non-laminated films, with a slight reduction in 
colour intensity. To eliminate the possibility of any chemical interaction between the dye 
and the laminate adhesive, a PVB overcoat was applied over the redox dye before 
lamination. Figure 5.3 shows the difference in activation colouration for a PpXV-Br
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oxygen indicator film when not coated, laminated, coated with PVB and both coated with 
PVB and laminated.
LAMINATE
Figure 5.3: Comparison of activated PpXV-Br indicator film, as plain film (a), laminated 
plain film (b), coated with a PVB overcoat (c), and both coated with PVB and laminated 
(d).
In respect of colour generation after UV activation, there seemed to be no significant 
difference between the four samples, with a slight decrease in colour intensity in the 
laminates. The time taken for the colour to oxidise to the colourless form was seen to 
increase for the laminates, 2  minutes compared with less than a minute for the non­
laminated films. This is due to the time required for atmospheric oxygen to diffuse 
through the polypropylene film and reach the electrochrome.
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5.3.4 Titanium Dioxide within Strathclyde system
The reduction step of the Strathclyde system requires the exposure of the indicator to UV 
light. Food products can be sensitive to UV light and so exposure to the product should 
be minimised. It would be beneficial, therefore, if the reduction cycle of the oxygen 
indicator could be improved to reduce the amount of UV exposure.
Titanium dioxide was investigated to determine the effect on the reduction efficiency of 
the system. The particle size of titanium dioxide could be decreased to increase the 
surface area to bulk ratio. This would increase the amount of titanium dioxide exposed to 
UV light and therefore more electrons would be excited. Various methods of producing 
nano-dimensioned titanium dioxide have been reported in the literature, including sol-gel 
synthesis (Neiderberger et al. 2002, Murakata et al. 1998) and mechanical processing 
(Huber et. al 2005, Lines and Schwartz 2007). Micron size titanium dioxide particles 
scatter visible light, giving the coatings a white base colour. With nanosized TiOi the 
particles are too small to scatter visible light and the coatings appear more transparent.
Previously, Degussa P25 titanium dioxide has been used in all Strathclyde formulations. 
Degussa P25 was replaced with different grades of titanium dioxide and these 
formulations used to compare the reduction efficiency within the Strathclyde system. 
PpXV-Br was used as an example electrochrome. There are two principle phases for the 
structure of titanium oxide, rutile and anatase, and their band gap diagrams for 
comparison are shown in Figure 5.4. The anatase phase is more efficient for UV 
photocatalysis as its band gap of 3.2 eV corresponds to the absorption of light with 
wavelengths less than 385 nm, which falls in the UV region (Bumiston et al. 2004, 
Murakata et al. 1998). Rutile is less efficient as a photocatalyst, possibly due to 
decreased adsorption and a higher rate of recombination of e" and h+ (Sclafani and 
Herrmann 1996).
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Figure 5.4: Band gaps of anatase and rutile titanium dioxide phases.
5.3.4.1 Commercial grades
To investigate the performance of different grades of titanium dioxide as the 
semiconductor reducing agent in a polyviologen based Strathclyde system, sample 
formulations were prepared. Films were exposed simultaneously so the UV exposure to 
each film was the same. After UV exposure Degussa P25 gave the strongest colouration, 
which suggests Degussa P25 is the most efficient at mediating the reduction of the 
electrochrome. A comparison of the Degussa P25 and UV-Titan oxygen indicators after 
reduction is shown in Figure 5.5. The improved reduction efficiency of Degussa P25 can
Figure 5.5: Comparison of Degussa P25 (left) and UV-Titan (right) as the titanium 
dioxide grade within the Strathclyde system.
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be explained by comparing the crystal phase composition of the titanium dioxide grades. 
Degussa P25 is 70% (w/w) anatase and 30% (w/w) rutile titanium dioxide. The three 
other grades of titanium dioxide, UV-Titan, Optisol™ and Hombitec are predominately 
the rutile form (Croda 2006, Hombitec, UV-Titan). As anatase is a more efficient UV 
photocatalyst compared to rutile, it follows that Degussa P25 would be more efficient at 
reducing the polyviologen electrochrome.
S.3.4.2 Sol-gel Titanium dioxide
As a comparison to commercial grades of titanium dioxide, nano-dimensioned titanium 
dioxide particles were prepared using two sol-gel methods:
a) rutile titanium dioxide from titanium tetrachloride (Neiderberger et al. 2002) and
b) anatase titanium dioxide from titanium tetraisopropoxide (Murakata et al. 1998). 
Nano dimensioned titanium dioxide would be better at UV reduction, due to the larger 
surface area and greater exposure to UV light, therefore creating more excited electrons. 
The sol-gel process is a bottom up method of producing a nanomaterial. Commercial 
Degussa P25, although has primary particles in the region of 25 nm, is formed of larger 
agglomerated particles.
The titanium dioxide sample produced from titanium tetrachloride had a unimodal 
particle size distribution with a median particle size of 426 nm ±12 nm. The reported 
particle size, for this synthesis method, was significantly smaller, 4.5 nm. PpXV-Br 
oxygen indicator films produced using this titanium dioxide showed a decrease in 
reduction efficiency compared to Degussa P25 titanium dioxide, which is expected due to 
the large particle size of this rutile titanium dioxide (Neiderberger et al. 2002).
Some of the titanium dioxide produced from titanium tetraisopropoxide was treated with 
a surface modifying agent, Ken-React® 38S, to increase the organic solubility of the 
titanium dioxide. The particle size of the samples with and without the surface 
modifying agent was analysed. Both samples showed a bimodal distribution, the major 
fraction having median particle sizes of 7 and 15 nm and minor fraction having median
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particle sizes of 5.5 and 12 pm for the untreated and treated titanium dioxide 
respectively. The distribution of particle sizes can be seen in Figure 5.6.
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Figure 5.6: Particle size distribution of untreated (black) and treated (red) titanium 
dioxide samples produced from titanium tetraisopropoxide.
Formulations using the Strathclyde system were prepared to determine the efficiency of 
the titanium dioxide reduction process. However, gelling of the sample occurred. The 
photocatalytic ability of this titanium dioxide could therefore not be determined; it was 
incompatible with the Strathclyde system. The gelling effect could be due to residual 
titanium tetraisopropoxide in the sample, causing cross linking of the binder to form an 
insoluble gel. To eliminate this possible interaction, the samples were washed with 
hexane to remove any excess titanium tetrapropoxide; however the problem persisted.
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5.3.4.3 Milled Degussa P25
Another route to produce nano dimensioned titanium dioxide is by mechanical grinding. 
This represents a top down approach to producing a nanomaterial. A sample of bead- 
milled Degussa P25, with a SunChemical surfactant (JI-5) (Huber et a l 2005, Lines and 
Schwartz 2007), was compared to unmilled Degussa P25. The surfactant was required to 
prevent reagglomeration of the nanodimensioned particles. The milled Degussa P25 
sample had a bimodal particle size distribution; the major fraction had a median particle 
size of 34 nm and minor fraction with particle size 9.7 pm.
Oxygen indicator formulations were made using this titanium dioxide sample and 
PBV-OTs as the electrochrome. The oxygen indicator with milled Degussa P25 showed 
a decrease in reduction efficiency compared with the unmilled sample. This can be seen 
in Figure 5.7. The decrease in performance could possibly be due to surface adhesion of 
the surfactant onto the titanium dioxide thus blocking the excited electrons from reducing 
the PBV-OTs.
I -  i
2 cm
Figure 5.7: The colour of oxygen indicating films after activation with UV light, un­
milled (right) and milled titanium dioxide with SunChemical (JI-5) surfactant (left) 
(Huber et al. 2005, Lines and Schwartz 2007).
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5.3.5 MA Pouches
As a method to analyse the oxygen indicator formulations at low oxygen concentrations, 
MA pouches were produced. Using this method the performance of the indicators could 
be investigated in an environment as close to the final food MA packaging application as 
possible. After initially being prepared oxygen free, the oxygen concentration in the MA 
pouches increased passively by diffusion through the laminate structure. Effectively, this 
gave some control over the concentration of oxygen the indicators were exposed to. 
After packaging, oxygen indicators were activated with UV light. The oxygen 
concentration within the pouch and the colour intensity of the indicators were monitored 
over a period of time.
Oceanoptics UV-Vis analysis was used to obtain reflective transmission spectra of the 
oxygen indicator films, at <0.03, 0.1, 0.2, 0.3, 0.5 and 0.6% oxygen. Polyviologen based 
indicators changed to display the presence of oxygen at slightly lower concentrations of 
oxygen than methylene blue based indicators. However, there was not a large degree of 
difference between four electrochromes trialled: PBV-Br, PoXV-Br, PpXV-Br and 
methylene blue. All of the electrochromes indicated positive for the presence of oxygen 
before 1% oxygen concentration, which took -24 hours. Exact oxygen detection points, 
for the dyes, were difficult to obtain, due to gradual development of colour and the 
indirect method of oxygen concentration. The PBV-Br started to change at the lowest 
concentration of oxygen with the colour of the indicator persisting for slightly longer in 
PpXV-Br and PoXV-Br. The UV-Vis spectrum of PBV-Br over the range of oxygen 
concentrations is shown in Figure 5.8.
The curve labelled ref is the indicator before the UV activation step. The curves for 0.0, 
0.1 and 0.2% all show the reduced monocation colour. The transmission of the indicator 
begins to increase at 0.3%, with the spectrum flat at 0.5% and the original spectrum 
returned at 0.6%. The oxygen indicator therefore displays positive for presence of 
oxygen at -0.5% oxygen concentration, as can be seen by a flattening of the spectrum as 
the colour fades. Methylene blue behaves contrary to the polyviologens in that the peak
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Figure 5.8: The UV-Vis spectrum in reflectance of PBV-Br as the oxygen concentration 
increases. The red line is before activation, and the values in the table denote the oxygen 
concentrations, <0.03, 0.1, 0.2, 0.3, 0.5 and 0.6%.
in the UV-Vis spectrum, shown in Figure 5.9, grows as the oxygen concentration 
increases. Due to residual blue colour after the activation, these spectra show some 
absorption -660 nm. The visual colour intensity did increase with increasing oxygen 
concentration.
5.3.6 Oxygen Indicators with decreased sensitivity to oxygen
Dyes, in general, display a range of redox potentials. Table 5.1. This is an indication of 
how easy the electrochrome gains an electron, and subsequently loses it again. When the 
electrochrome is used to indicate the presence of oxygen, the colour change is due to the 
reduced electrochromes redox reaction with molecular oxygen, the electrochrome is 
oxidised and oxygen is reduced. If the electrochrome has a more anodic reduction 
potential it would be comparatively more stable in the reduced form, i.e. the reduced 
species is less likely to act as a reducing agent and be oxidised. In this case the
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Figure 5.9: The UV-Vis spectrum in reflectance of methylene blue as the oxygen 
concentration increases. The red line is before activation, and the values in the table 
denote the oxygen concentrations, <0.03, 0.1, 0.2, 0.3, 0.5 and 0.6%.
electrochrome would produce an indicator that would be less sensitive to oxygen. Larger 
concentrations of oxygen would need to be present for the electrochrome to be oxidised 
and display the presence of oxygen. This is the case as long as the redox potential of the 
electrochrome is more cathodic than the redox potential of oxygen; otherwise the reduced 
electrochrome will be stable in oxygen. The E°’ of oxygen is related to pH by the 
relationship 1.23 -  0.059pH vs. NHE (Harmann et. al 2007). For example, an 
electrochrome with limited response to oxidation by oxygen, 2 ,6 -dichloroindophenol, has 
been used in a similar Strathclyde type system as a UV detector as oxidation by even 
atmospheric concentrations of oxygen is slow (Mills and McGrady 2008). When food 
packaging is considered, there are a range of MA regimes that leave the packaging with 
residual levels of oxygen. An oxygen scavenger could then be activated to decrease the 
oxygen concentration further. The current oxygen indicators are not flexible enough to 
account for this, and therefore can only be used when very low residual levels of oxygen 
are permissible from the outset.
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It is proposed here, that an electrochrome could be selected, for incorporation into an 
oxygen indicator, which could be used to detect when the oxygen concentration reaches a 
higher threshold, say -2%. This would allow the indicator to be usable in commercial 
applications where an oxygen scavenger is used, or where higher oxygen concentrations 
are allowable, i.e. for food products that are relatively more stable to oxygen but where it 
is still an issue. Fruits and vegetables can be packed at low oxygen concentrations to 
decrease respiration and the associated production of ethylene. These processes result in 
depletion of the water and nutrients of the product, leading to loss of product weight and 
a wilted or shrivelled unmarketable product. Examples of MA fresh produce are 
avocados packed at 2-5% oxygen and chilli peppers packed at 5% oxygen. In India, the 
world’s largest fruit producer, 20-22% of produced fruits are lost due to post harvest 
spoilage (Sandhya 2010).
A range of dyes with E0’ potentials more anodic than methylene blue were identified, 
shown in Table 5.1 (Norris and Ribbons 1970). A starting point for producing new 
oxygen indicators was to incorporate thionine, E0’ of 62 mV, into the Strathclyde system, 
and then compare this ink with one based on methylene blue. The methylene blue based 
indicator was reformulated, with a lower concentration of methylene blue, to facilitate the 
reduction process to a colourless state.
Printed indicators produced from the thionine and methylene blue based indicator 
solutions, were incorporated into a MA laminate pouch and evaluated at oxygen 
concentrations of 0.05, 0.08, 0.25, 0.90 and 1.19%.
Figure 5.10 compares the transmission of the methylene blue and thionine based 
indicators at their peak maximum, 650 nm for methylene blue and 600 nm for thionine. 
Both methylene blue and thionine are coloured in the oxidised state, and bleached in the 
reduced state. The lines labelled “MB re f ’ and “Thi r e f ’ relate to the initial transmission
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Table 5.1
Chemical StructureDye
(mV)
2,6-Dichlorophenol
indophenol
217
NH,
115Toluylene blue
O NC
>
O — N+
Dicyanodimethylviologen
dimesylate
CN
Thionine
NH
CI04-
Cresyl blue
0+ NHcr
before activation by exposure to UV light. At low oxygen concentration, the inks show 
high transmission due to presence of the colourless reduced form. By the time the 
concentration of oxygen had reached 0.25%, the methylene blue indicator had oxidised to 
show the blue colour, seen by the drop in transmission in Figure 5.10. The thionine
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based oxygen indicator persisted in the reduced state until after the oxygen had reached 
0.90% oxygen. After this point the indicator film showed a blue colour representing 
oxidation of the dye. This suggests this indicator detects oxygen at a higher 
concentration compared against the methylene blue based ink and corroborates the theory 
that a more positive reduction potential stabilises the dye to oxygen.
Oxygen Concentration (%)
Figure 5.10: Transmission at maximum peak height of oxygen indicators based on 
methylene blue (650 nm) and thionine (600 nm).
0.90% oxygen is still quite low for MA packaging regimes and so an electrochrome with 
a higher redox potential is required to produce an indicator to detect oxygen only at 
higher concentrations. In Chapter 3: Synthesis and Characterisation of Redox-active 
Viologens, dicyanodimethylviologen dimesylate was produced as a viologen with a more 
anodic E°’ potential. The E°’ potential was determined by cyclic voltammetry to be 63 
mV (quoted vs. NHE but measured vs. Ag/AgCl reference electrode). This 
electrochrome was incorporated into a Strathclyde type oxygen indicator system as with 
polyviologens, methylene blue and thionine.
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Methylene blue, thionine and PBV-Br were used as comparisons and the performance of 
the oxygen indicators evaluated in MA pouches. The indicators were evaluated at 
oxygen concentrations of <0.03, 1.16, 2.45 and 4.00%, measured over a period of 5 days.
As in the comparison of thionine with methylene blue, methylene blue was seen to switch 
at low oxygen concentrations, in this case, below 1.16%, shown in the UV-vis spectra 
plotted in Figure 5.11. Also, the indicator based on PBV-Br was also seen to detect 
oxygen at below 1.16% oxygen concentration, shown by UV-vis spectra in Figure 5.12. 
This is indicated by an increase in transmission as the coloured reduced PBV-Br is 
oxidised by oxygen to its colourless form. This study investigated how the indicators 
interacted with oxygen at relatively higher oxygen concentrations and as such, an exact
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Figure 5.11: Ocean optics spectrum of methylene blue ink formulation in MA pouch 
over range of oxygen concentrations, from <0.03% to 4.00%.
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oxygen concentration that the methylene blue and PBV-Br indicators displayed the 
presence of oxygen was not determined.
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Figure 5.12: Ocean optics spectrum of PBV-Br ink formulation in MA pouch over range 
of oxygen concentrations, from <0.03% to 4.00%.
With the thionine based indicator, the concentration of oxygen needed to be higher before 
the dye changed to the oxidised form. In this case, the reduced colourless state was still 
present at 1.16 and 2.45% oxygen, seen in UV-vis spectra plotted in the graph in Figure 
5.13. The colour had returned by 4.00% oxygen.
The dicyanodimethylviologen dimesylate based ink showed an even higher tolerance to 
oxygen, as shown in the graph of UV spectra in Figure 5.14. The coloured reduced state 
persisted at much higher oxygen concentrations, as can be seen by the low transmission 
compared to the reference. A strong colouration still remained at 4.00% oxygen within
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the MA pouch. Although there was a gradual increase in transmission, i.e. gradual 
oxidative bleaching, in the UV spectra, even at 4.00% oxygen there was a clear visual 
difference from the reference, and therefore the electrochrome had not been completely 
oxidised. The experiment was terminated by rupturing the pouch, and the 
dicyanodimethylviologen dimesylate oxygen indicator was seen to revert back to its 
original clear film within 30 minutes.
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Figure 5.13: Ocean optics spectrum of thionine ink formulation in MA pouch over range 
of oxygen concentrations, from <0.03% to 4.00%
Thionine showed a greater stability to oxygen compared to methylene blue and PBV-Br. 
Dicyanodimethylviologen dimesylate showed the highest stability to oxidation, compared 
to the all other electrochromes. This is due to the anodic E0’ redox potential for this 
viologen compound, 63 mV, compared with PBV-Br -229 mV, methylene blue 11 mV 
and thionine 63 mV (vs. NHE reference electrode). There is not a significant difference
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in the E0’ values for dicyanodimethylviologen dimesylate, 63 mV, and thionine, 62 mV, 
although there is seen to be a difference in oxygen sensitivity, >4.00%, and <4.00%. A 
previous report of the redox potential of dicyanodimethylviologen dimesylate was 90 mV 
(Fielden 1974).
no
100
ref  < 0 .03%
——- 1 . 16% — 2 .45%
 4 .00%
900) 650
W avelength (nm)
700 750 800 850550 600400 450 500
Figure 5.14: Ocean optics spectrum of dicyanodimethylviologen dimesylate ink 
formulation in MA pouch over range of oxygen concentrations, from <0.03% to 4.00%.
It can also be seen from the spectra of the dicyanodimethylviologen dimesylate indicator, 
in Figure 5.14, that there is a possibility for this colorimetric indicator formulation to be 
used as a quantitative oxygen indicator, as there is a gradual increase in transmission with 
increasing oxygen concentration.
Other dyes could be used to fine tune an oxygen indicator with different oxygen 
concentration thresholds, so an indicator would be available for MA packaging with a
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variety of specific oxygen concentrations. Indicators with different oxygen thresholds 
could be incorporated together to produce a novel quasi-quantitative indicator, i.e. a 
methylene blue, thionine and dicyanodimethylviologen dimesylate combined indicator 
would show different colour patterns as the oxygen concentration increased from 0.0- 
4.0%.
5.3.7 Polyviologens within a triggered Mitsubishi system
Although the majority of work carried out was on modifications to the Strathclyde 
system, this is not an ideal system. The Mitsubishi system is an oxygen indicator that 
consists of a mild reducing agent in combination with a base that reduces the 
electrochrome. This system is not triggered and therefore must be stored in an oxygen 
free environment and placed in the package under controlled conditions. The Strathclyde 
system is a triggered Mitsubishi system, where the reducing agent is a semiconductor.
An ideal oxygen indicator would have a degree of reversibility once activated so that it 
could tolerate an initially high level of headspace oxygen prior to an oxygen scavenger 
becoming active. The Strathclyde system is unsuitable for this as once the indicator has 
been activated it is completely irreversible and after it is exposed to oxygen the 
electrochrome will change to the oxidised state. Strathclyde systems with higher oxygen 
tolerances, with dicyanodimethylviologen dimesylate and thionine as the electrochrome, 
would be more tolerant to low levels of residual oxygen.
Other ways of producing a triggered oxygen indicator which is reversible need to be 
investigated. A triggered system would involve a means of preventing the reducing 
agent, base and electrochrome from interacting until the required time. In this direction, 
an attempt to produce a triggered Mitsubishi system, using an alternative triggered 
reducing agent was attempted. A photolatent base is a compound that is not basic, but 
after exposure to UV light decomposes to produce a base. A photolatent base could 
therefore be used as a trigger for a Mitsubishi type indicator. In this way, UV light could
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be used as a trigger, to generate the base and initiate the redox cycle of the electrochrome 
and reducing agent.
Benzyl carbamate produces the primary amine cyclohexylamine after UV exposure. The 
solubility of the benzyl carbamate and polyviologens were not compatible for a water- 
based system. The polyviologens have limited solubility in organic solvents. An organic 
system using methanol and propylene carbonate as solvents, with PVB as the binder, and 
glucose as the reducing agent was tried and this imparted a degree of solubility to all the 
components. When the formulation was printed onto a substrate and exposed to UV light 
no colour developed indicating the polyviologen was not being reduced. The UV light 
could not be intense enough to cause the benzyl carbamate to produce cyclohexylamine, 
or the change in pH was not enough to produce strong enough reducing conditions. 
There is also the problem of migration of the key components of the indicator in the solid 
film. If the components were not sufficiently soluble they could be forming domains in 
the film with insufficient interaction. Different photolatent bases should be trialled with 
greater solubility in solvents compatible with the electrochromes.
5.4 Conclusion
Polyviologens have been trialled in the Strathclyde system, and been shown to be 
compatible with the Strathclyde system. After exposure to UV light, the polyviologens 
have been shown to produce a dark violet colour, which is the opposite colouration to 
methylene blue. The polyviologen based oxygen indicators were reversible, bleaching 
back to the colourless state when exposed to atmospheric oxygen. Further they have 
been shown to reduce more efficiently than methylene blue in the Strathclyde system. In 
the food packaging industry, this is important in order to minimise exposure of the 
packaging and food products to UV light. UV exposure can be responsible for the 
oxidative degradation of flavour compounds such as limonene, (Nguyen et a l 2009) and 
lipids in milk (Cladman 1998) and stimulate the production of glycoalkaloid toxins in 
potatoes (Percival 1999). In the Natgraph UV rig, excessive UV exposure led to heat 
exposure from the lamps, which would cause thermal degradation and burning of the
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food products and packaging materials. An oxygen indicator based on a polyviologen, 
would be advantageous compared to one based on methylene blue.
The Strathclyde system has been further investigated in the aim of increasing the 
reduction process. Different commercial grades of titanium dioxide were trialled, and the 
effect on the reduction of the polyviologen within the Strathclyde system was determined 
by their ability to reduce PpXV-Br. Of the titanium dioxide grades analysed, Degussa 
P25 was found to be the most efficient at reduction of PpXV-Br. Nanodimensioned 
titanium dioxide was also synthesised by the sol-gel method. Amorphous titanium 
dioxide was produced from titanium tetrachloride. This method produced titanium 
dioxide with a particle size of 426 nm ± 1 2  nm. When the titanium dioxide was 
incorporated into a Strathclyde oxygen system, it was seen to be less efficient as a 
photoreducing agent compared with Degussa P25. This is as expected due to the larger 
particle size. Titanium dioxide with particle size of ~1 nm was produced by hydrolysis of 
titanium tetraisopropoxide. Unfortunately this nanodimensioned titanium dioxide was 
incompatible with the polymer binders used in the oxygen indicators, causing an 
insoluble gel.
Dyes with more anodic E0’ potentials were analysed within the Strathclyde system, and 
their interaction with oxygen investigated. A relationship was seen between E°’ potential 
and the concentration the oxygen indicator detected oxygen. PBV-Br, PoXV-Br and 
PpXV-Br were seen to detect oxygen at very low concentrations. Oxygen indicators 
based on methylene blue, were also seen to be highly sensitive to low oxygen 
concentrations. Thionine was shown to produce indicators which detected the presence 
of oxygen when the concentration was higher than 0.90 and 2.25% oxygen, in separate 
trials. The dicyanodimethylviologen dimesylate electrochrome produced oxygen 
indicators which were even less sensitive to oxygen, with the reduced species still present 
at 4.00% oxygen. This indicator could be used to detect oxygen in the region of 2.25- 
4.00%. The indicator could possibly be used to detect oxygen quantitatively by 
measuring the gradual increase in transmission, measured by the UV-vis spectrum.
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Chapter 6: High Pressure Pasteurisation Indicators
6.1 Introduction
High temperature pasteurisation is a treatment process which is effective at killing a wide 
variety of bacteria and, therefore, has been used extensively to preserve food products. 
However, it can be responsible for altering the natural flavour and taste of the product. It 
can also cause a reduction in the nutritional content of the food, such as the degradation 
of vitamin C (Polydera 2003). Alternative preservation methods, removing the negative 
impacts of heat, have been recently gaining in use. High hydrostatic pressure or High 
Pressure Pasteurisation (HPP) was first used to kill bacteria and preserve food in 1899; 
however it did not become commercially viable until the 1980s. This was due to the 
expense of equipment required to scale-up to make large volumes of product. Currently 
most HPP is carried out at pressures between 400 and 600 MPa, due to additional 
technical difficulties of pressures higher than 600 MPa. High pressure only affects non- 
covalent bonds, such as ionic and hydrogen bonds; therefore high pressure pasteurisation 
does not affect the flavour compounds and nutritional content of the food. HPP is used in 
conjunction with other sterilisation methods such as high temperature pasteurisation and 
microwaves treatments to destroy bacterial spores and completely sterilise products 
(Rastogi et al. 2007).
6.2 An Ideal High Pressure Pasteurisation Indicator
Currently, there is a need for a HPP indicator to identify if a food package has been HP 
pasteurised correctly, i.e. the pressure raised to 600 MPa (6 kbar or 87 kpsi) and held at 
that pressure for a controlled period of time typically 5 minutes (Polydera 2003). A HPP 
indicator would involve a colour change that is triggered by the conditions of correct HPP 
treatment. The colour change would need to be irreversible or have a long delay time 
before returning to normal so that afterwards the product can be easily distinguished as 
having been HPP treated.
URN 3551229 117
Chapter 6: High Pressure Pasteurisation Indicators
6.3 Current Technologies
Following is a literature review of the current state of technologies in HPP indicators. 
Also, a review of possible routes to produce a novel HPP indicator are discussed, based 
on established pressure catalysed changes.
6.3.1 Iron Powder
As a method to test the efficiency of the HPP process, a HPP indicator has been produced 
based on powder tablets (Minerich and Labuza 2003, Minerich et ah 2005). The 
indicator is made from iron or copper powder which is pressed into a “green” or pre-form 
tablet at a controlled low pressure (156 MPa). During the HPP process, the tablet is 
sintered to form a dense tablet; the final size and density of the tablet are directly 
dependent on the time-pressure exposure. These tablets have been placed in large foods 
such as ham, and demonstrated that there were inhomogeneities in the pressure exposure 
across the product during the HPP process, 600 MPa for 10 minutes (Minerich et. al 
2005). This type of HPP indicator is not practical commercially as the tablet’s 
dimensions need to be measured to determine the HPP exposure. This requires 
destroying the food packaging and removing the tablet, thereby destroying the sterile 
package.
6.3.2 Starch coagulation
Investigation into using the coagulation of starches as a Pressure Time Temperature 
Indicator (PTTI) have also been carried out, where the rate of the coagulation of the 
starch is dependent on the time profile of both pressure and temperature, shown in Figure 
6.1. The degree of coagulation is measured by birefringence using a microscope. 
Technical issues with these sensors include: sedimentation of starches prior to 
experimentation and requires specialist equipment (Bauer 2005).
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Figure 6.1: Relation between pressure, temperature and degree of gélatinisation of wheat 
starch suspensions (5% w/w treated for 15 minutes) (Bauer 2005).
6.3.3 Enzymes and proteins
Work has also been carried out on pressure induced changes in the conformation on 
enzymes and proteins. Under pressure the enzyme lysozyme changes conformation so 
that it can then attach to a ligand such as 1 -anilino-8-naphthalene sulphonate (ANS). 
ANS emits low intensity fluorescence when free in solution, but once attached to 
lysozome the fluorescence is greatly increased. This study showed that no fluorescence 
is detected until ~7 kbar (700 MPa). A similar study on the protein chymotrypsinogen 
indicated that for this protein it does not attach to the fluorescence species until -600 
MPa. This is, however, a reversible process; therefore after the pressure is released the 
fluorescence will disappear. An ideal HPP indicator shows a colour change which 
persists after the HPP process, long enough to be measured. Fluorescence based systems 
would also require specialist equipment to use the indicator (Drickamer 1999).
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6.3.4 Piezochromic compounds
Compounds which change colour due to some external factor, such as light 
(photochromism) and temperature (thermochromism) are common. It is also possible for 
a compound to show a colour change due to the application of pressure, and these are 
referred to as piezochromic. The terms piezochromism and tribochromism, a colour 
change associated with friction, are sometimes erroneously used interchangeably 
(LeRoux 2005). Many compounds which show photochromism or electrochromism also 
demonstrate piezochromism.
Often with piezochromic compounds the colour change is reversible and once the 
pressure is released the colour reverts back to that at ambient conditions. In these cases 
the pressure causes the piezochromic compound to transform to a metastable state, and 
when the pressure is reduced the compound returns back to its normal state. The 
preferred HPP indicator would be a cumulative exposure indicator rather than a “real 
time” indicator, similar to oxygen indicators. Many piezochromic compounds have been 
investigated. In-situ observations of the colour change can be carried out using a 
Diamond-Anvil cell. Ruby crystals can be used for accurate in-situ pressure 
measurements, due to the sharp pressure dependence of its fluorescence (Barnett et. al 
1973.)
Poly(5,8-dihexyldecyloxyanthraquinone-1,4-diyl), shown in Figure 6.2, shows 
piezochromic properties between 0.55 GPa and 11 GPa. The colour change is due to the 
polymer planes being forced closer together, which reduces the band gap of the 
semiconducting polymer. The resulting red shifting of the absorption band results in the 
change of colour (Muramatsu et. al 2001).
The palladium complex, bis( 1,2-cydohexanedionedioximato) Pd (II) also shows a 
reversible piezochromic red shift between 0.36 and 5.91 GPa, shown in Figure 6.3. In 
this case the pressure is causing a reversible conformation change in the palladium
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C -|6 H33
Figure 6.2: The chemical structure and piezochromic colour change of poly(5,8- 
dihexyldecyloxyanthraquinone-1,4-diyl) at a) 0.55, b) 1.1, c) 3.3, d) 6.1, e) 6.9 and f) 11 
GPa (Muramatsu 2001)
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Figure 6.3: The structure of bis (1, 2-cyclohexanedionedioximato) Pd (II) and the 
absorption spectrum showing the resultant red shift of increasing pressure. The visible 
colour change can also be seen at the pressures 0.2, 1, 2, 3, 4, 6 and 10 GPa (going from 
right-left and top-bottom) (Shirotani 1987).
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complex which again reduces the band gap and red shifts the absorption spectrum, shown 
in Figure 4 (Shirotani 1987, Shirotani et a l 1991 and Takagi et. al 2004).
The copper oxide CuMoCU also demonstrates piezochromic properties at 260 MPa, with 
a shift from green to brownish red. This is due to a crystal structure phase transition from 
square pyramidal CuOs sites to elongated octahedral CuOs sites. This results in a 13% 
reduction in the volume (Hernandez et al. 1999). Other reported reversible piezochromic 
compounds include N-salicylidene aminopyridines (Dreger and Drickamer 1991), 
polydiacetylene monomers (Tomioka et al. 1989), 9,10-dibromoanthracene (Brillante et 
al. 1988), hexaphenyl biimidazolyl (Hayashi and Maeda 1965), samarium sulphide 
(Nassau 1983, Jin et al. 1998, Jin and Tanemura 2000).
Materials can also show irreversible piezochromism. A derivative of 1,3,6,8- 
tetraphenylpyrene, a white compound, shows blue luminescence when irradiated with UV 
light. When pressed using a spatula or ground in a mortar and pestle the compound 
changes to yellow and the luminescence becomes green, shown in Figure 6.4.
Figure 6.4: Derivative of 1, 3, 6, 8-tetraphenylpyrene, showing luminescence under UV 
irradiation (Sagara et al. 2006).
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The piezochromism in this compound from white to yellow does not show great contrast, 
however the change in fluorescence is interesting. The solid state structures of the white 
and yellow product forms were investigated by FT-IR and XRD and it was suggested the 
difference is due to an alteration in the molecular packing of the compound, directed by 
hydrogen bonding of the amide groups. The change in molecular packing is permanent 
and does not revert back when the pressure is released, however the transformation can 
be reversed by recrystallisation or heating to -111 °C (Sagara et a l 2006). The pressure 
required to generate this change is lower than the pressure exposures associated with 
HPP. An indicator based on fluorescence would also require specialist equipment.
6.3.5 Encapsulation
A similar application, where pressure is used to generate an irreversible colour change is 
carbonless paper. The colour associated with carbonless paper occurs when pressure 
from a pen is used to burst capsules. A compound is then released which reacts with a 
second compound present on the paper, generating the colour (Miller and Brown 1987). 
The mechanical stability of capsules could be tailored so the capsules burst under HPP 
specific conditions (-600 MPa). The released compounds would then react to generate a 
colour (Wyss et a l  2004). Pressure sensitive films have been developed, via this method, 
to visualise the distribution of pressures, up to 43200 PSI (-300 MPa), within working 
mechanical parts. The bursting of the capsules is a gradual process and so a gradual 
increase in colour intensity with increasing pressure intensity is seen. Within its current 
application, this is valuable to visualise the distribution of stresses over mechanical parts. 
However, a distinct sharp appearance of colour at the set pressure would be more suitable 
for a HPP indicator. Colour intensity could be related to the time spent at a set pressure, 
which could be relevant when the HPP process requires the maximum pressure held at for 
a period of time. This could be important for later incarnations of a HPP indicator 
(http://pressurex.com/).
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6.3.6 Pressure catalysed reactions
The dissociation constant of acids can be pressure dependent, e.g. for acetic acid between
0.1 and 138.8 MPa there is a change in pK value from 4.76 to 4.20 respectively. A 
similar result was shown for benzoic, mandelic and succinic acids (Kumar 2005). 
Incorporation of an acid with a pK sensitive to the 600 MPa region, in conjunction with a 
narrow pH indicator, could be used as a HPP indicator.
Certain polymers such as polyimides and polybenzoxazoles can be prepared under high 
pressure to obtain advantages over conventional polymerisation methods. The reaction to 
form polyimide occurs in the range 250 -  600 MPa which is suitable for HPP; however 
the required temperature is 140-330 °C. High performance polymer synthesis such as 
polyimides synthesis can be carried out at high pressure 250 -  600 MPa to produce a 
crystalline polymer, however the reaction also requires higher temperature 140 -  339 °C. 
The cyclisation reaction of some aromatic nitriles can be catalysed by pressures of 3000 -  
5000 MPa; this is much higher than the pressures related to the HPP process. For the 
current HPP specification, this is unsuitable. However, for more complicated 
pasteurisation processes, using both pressure and heat, this could be useful.
6.4 Primary Research
6.4.1 Introduction
From the literature review, 1,3,6,8-tetraphenylpyrene was identified for further 
consideration. The irreversible change induced by pressure is of interest, although the 
change is predominately in fluorescence. According to the original researchers, the 
pressure exposure resulted in a conformational change, directed by the four hydrogen 
bonding sites and long alkyl chains (Sagara et al. 2006). Building on this principal, a 
possible visual colour change analogue could be produced, Figure 6.6, based on the 
aromatic centre perylene. As a feasibility study, initial laboratory work was carried out to 
try to functionalise the commercially available dye perylene-3,4,9,10-tetracarboxylic
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dianhydride (PTCA), to produce a possible dye which would experience an irreversible 
colour change after an applied pressure. The proposed reaction scheme to produce an 
example target molecule from PTCA is shown in Figure 6.5.
OH
H Nl
OH
OHHO
OHHO
DMF
SOCI
NHNH
NHNH
Figure 6.5: Reaction scheme to proposed compound from PTCAcarboxylic dianhydride.
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6.4.2 Experimental 
6.4.2.1 Reagents
Aqueous ammonia solution (25%) was obtained from Fisher Chemicals, Loughborough, 
UK. Deionised water was obtained from an Elga purelab option DV35. All reagents 
were purchased from Sigma-Aldrich, Gillingham, UK: perylene-3,4,9,10-tetracarboxylic 
dianhydride (97%); 5-aminoisophthalic acid (94%); zinc acetate dihydrate (>98%); 
quinoline (98%); methanol (>99.9%); N,N-dimethylacetamide (99%); 
dimethylformamide (>98.0%); N-methyl-2-pyrrolidone (>99%); dimethylsulfoxide 
(>99.5%); sodium hydroxide (>98%, pellets); sodium hydride (95%); dimethyl-5-bromo- 
isophthalate (>98.0%).
6.4.2.2 Instrumentation
DSC analysis was carried out using a TA Q100 instrument. The powder samples were 
equibrilated at 10 °C and then heated at a rate of 10 °C/min to 450 °C.
FT-IR spectra of the reaction products were recorded on a Thermo 5700 Nicolet FT-IR 
spectrometer (Fisher Scientific). Samples were measured using a SMART speculATR 
accessory in attenuated total reflectance (ATR). The data were acquired after 100 scans.
6.4.2.3 Reactions with PTCA
PTCA reacted with aminoisophthalic acid in quinoline
PTCA (0.944 g, 2.406 mmol), aminoisophthalic acid (0.906 g, 5.001 mmol) and zinc 
acetate dihydrate (0.659 g, 3.002 mmol) were stirred into quinoline (50 ml). The mixture 
was heated to 180 °C with continuous stirring for two hours. Methanol (50 ml) was 
added to the mixture and the solid product was removed by vacuum filtration and washed 
with methanol.
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PTCA reacted with aminoisophthalic acid in dimethylacetamide (DMAc)
PTCA (0.943 g, 2.404 mmol), aminoisophthalic acid (0.910 g, 5.023 mmol) and zinc 
acetate dihydrate (0.662 g, 3.015 mmol) were stirred into DMAc (50 ml). The mixture 
was refluxed for six hours. The solid product was removed by vacuum filtration and 
washed with methanol.
DSC analysis
PTCA (0.952 g, 2.427 mmol) and aminoisophthalic acid (0.911 g, 5.029 mmol) were 
ground together with a pestle and mortar. The sample was then analysed by DSC.
PTCA reacted with ammonia solution
PTCA (100.258 g, 254.902 mmol) and 25% (v/v) aqueous ammonia solution (60 ml) 
were stirred into deionised water (1000 ml) in a stirred pressure vessel. The vessel was 
sealed and the mixture heated to 150 °C. The raised temperature and pressure were held 
for 5 hours with continuous stirring.
6.4.2.4 Reactions with perylene tetracarboxylic diimide (PTCI)
PTCI reacted with sodium hydroxide and aminoisophthalic acid
PTCI (1.002 g, 2.567 mmol) was dispersed in deionised water (20 ml) and a 10% (w/v) 
solution of sodium hydroxide (20 ml) was added. This was then stirred for 1 hour. 10% 
(w/v) sodium hydroxide solution was added to a 10% (w/v) solution of aminoisophthalic 
acid to pH 14. The aminoisophthalic acid solution was then added drop-wise to the PTCI 
solution and left to stir.
PTCI reacted with sodium hydride and dimethyl-5-bromo-isophthalate 
PTCI (1.010 g, 2.588 mmol) was dispersed in DMAc (50 ml). Dry sodium hydride 
(0.603 g, 25.12 mmol) was added to this solution and stirred for 2 hours. The solution 
was then refluxed. Dimethyl-5-bromo-isophthalate (1.540 g, 5.639 mmol) was added and 
the solution refluxed for a further 5 hours. The solution was cooled and product removed 
by vacuum filtration.
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6.4.3 Results
6.4.3.1 Initial Reactions with PTCA
Imides can be synthesised by the reaction of an anhydride with an amine in a polar 
aprotic solvent. The reaction goes via an amic acid intermediate, but converts to the 
imide after heating or dehydration (Wilson 1990). Zinc acetate dihydrate is added as a 
catalyst (Osswald 2007). This synthesis route was used to attempt the synthesis of a 
PTCA imide derivative with aminoisophthalic acid. The product was analysed by FT-IR 
spectra and compared to that of the starting materials, PTCA and aminoisophthalic acid. 
FT-IR peaks occurred at 1771, 1742, 1591, 1300 cm"1. The spectra of PTCA and the 
product are very similar and both showed a strong absorption at 1771 cm '1 with a weaker 
absorption at 1742 cm"1. This is representative of the anhydride group, where two 
absorptions are expected at 1820 and 1750 cm"1, with a stronger absorption for the higher 
frequency absorption. Therefore the FT-IR spectrum of the product indicates that the 
anhydride group is unreacted and does not indicate the presence of the imide. The failure 
of the reaction could be due to lack of solubility of PTCA in quinoline. To overcome this 
issue, the reaction was repeated with DMAc as the solvent. The FT-IR spectrum of the 
product is again close to that of PTCA, with peaks at 1771 and 1742 cm"1 indicative of 
the unreacted anhydride group.
To overcome the solubility issues with this reaction, a solventless reaction was attempted 
by grinding PTCA with aminoisophthalic acid. This mixture was analysed by DSC, 
shown in Figure 6.6, to see if any reaction occurred as the mixture was heated up to 
450 °C.
There are no peaks in the PTCA graph. There are two peaks in the aminoisophthalic acid 
graph and these two peaks are also shown in the mixture graph. There are no additional 
peaks; this suggests there is no reaction between the two compounds in the solid state, 
over the examined temperature region. The FT-IR spectrum of the product showed 
unreacted anhydride, 1773and 1742 cm"1.
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Figure 6.6: DSC thermograms of PTCA, aminoisophthalic acid and a mixture of both.
As an alternative route to the desired compound, PTCA is reacted with ammonia. As 
ammonia is more volatile than DMAc, the reaction is carried out in a pressure reaction 
vessel (Weber 2003).
After cooling, a suspension of product was obtained. A sample of the product was 
obtained by vacuum filtration. The product is purple, representing a distinct colour 
change from PTCA, which is red. FT-IR analysis was carried out and the anhydride 
peaks at 1771 and 1742 cm"1 were absent. A carbonyl peak at 1664 cm '1 is present. Two 
peaks at 1398 and 723 cm '1 are due to imide ring vibrations (Faghihi 2009). This 
suggests the desired product was produced; this product is referred to as perylene 
tetracarboxylic diimide (PTCI).
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6.4.S.2 Reactions of PTCI
The solubility of the PTCI was assessed by attempting to dissolve a small amount of 
product in 5 ml of solvent with gentle heating. The PTCI was found to be dispersible but 
not soluble in DMAc, DMF, N-methylpyrrolidone (NMP) and dimethylsulfoxide 
(DMSO).
Now that the diimide compound had been produced, the next stage of the synthesis 
method was to add the phthalate group so that alkyl branches could be introduced later. 
To increase the nucleophilic reactivity of PTCI, an attempt to convert it to a sodium salt 
by addition of sodium hydroxide was carried out. The product was then reacted with 
aminoisophthalic acid. When the product was analysed by FT-IR analysis, the spectrum 
was the same as that for unreacted PTCI. PTCI was then reacted with sodium hydride 
and then dimethyl-5-bromoisophthalate. FT-IR analysis showed unreacted PTCI. The 
lack of reactivity for PTCI could be due to its limited solubility in the solvents.
6.5 Conclusions
HPP is a sterilisation technique for treating food products, which over comes some 
problems associated with conventional high temperature pasteurisation, such as changes 
in texture and flavour, and loss of nutritional value (Polydera 2003, Rastogi et a l 2007). 
There is a need for the innovation of an indicator which could be used to display whether 
a food package has been HPP processed. An indicator is therefore needed which would 
effect a change in colour, after exposure to pressure, such as 600 MPa for 5 minutes. A 
literature review was carried out, to determine the state of art of current compounds 
which exhibit a colour change in relation to an increase in pressure. Piezochromism is 
the established term for a pressure induced change in colour (LeRoux 2005).
From the literature, it can be seen that a range of compounds show piezochromism over 
different pressure conditions. For a HPP indicator, an irreversible colour change is 
required. Irreverisble colour changes are less common. A system based on a derivative
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of 1, 3, 6, 8-tetraphenylpyrene was identified that shows an irreversible fluorescence 
change due to pressure. In this case, structure of the compound was seen to be affected 
by hydrogen bonding of the amide groups (Sagara et al. 2006). A reaction scheme, 
Figure 6.6, to produce a theoretical compound that might show a pressure induced 
distinct colour change based on the amide hydrogen bonding theory was proposed. This 
was based on the pigment PTCA. Unfortunately the first step in this synthesis, reaction 
of PTCA with aminoisophthalic acid, failed to produce the desired imide product. This 
was possibly due to the limited solubility of PTCA. The reaction scheme was revised, 
and PTCA reacted with ammonia to produce PTCI. Initial reactions of PTCI with 
aminoisophthalic acid and dimethyl-5-bromoisophthalate failed to produce imide 
products. Further experimentation to functionalise PTCA and PTCI is required, but is 
outside the scope of this project. Reaction of PTCI with sodium naphthalate or potassium 
benzophenone could produce a salt of PTCI which would have a higher degree of 
solubility and be more reactive to aminoisophthalic acid. Previous methods to produce 
imides of PTCA have used 1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic 
bisanhydride as the reactant, and further work could utilise this starting reagent(Chen et 
al. 2007, Osswald and Wiirthner 2005).
The synthesis of the piezochromic compound with pyrene as the aromatic core, Figure 
6.4, has been previously reported (Sagara 2006, de Halleux 2004). The pyrene nucleus is 
likely to be more soluble than perylene so similar issues to the PTCA would not be 
experienced. The target piezochromic compound is known and exhibits a change in 
fluorescence rather than a strong change in the visible colour spectrum, however, this 
could still be beneficial as a covert HPP indicator analysed by processing staff. 
Investigation into the nature of the side chains and their effect on packing conformations 
would be useful to design a compound that exhibits a piezochromic change at HPP 
pressures. This work represents an initial feasibility study into the possible production of 
a novel HPP indicator for use in the food industry.
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7.1 Introduction
7.1.1 Viologen and Polyviologen Compounds
The aim of the project was to produce smart packaging for the food industry that would 
overcome some of the problems associated with established technology. The first 
objective was to synthesise and characterise polyviologen electrochromes. Therefore 
polymeric viologen type compounds have been synthesised using the Menshutkin 
reaction in acetonitrile to produce a range of polyviologens with different spacer groups 
and different counter ions (Chapter 2: Synthesis and Characterisation of Polyviologens).
The molecular weight of the polyviologens was important as a higher degree of 
polymerisation would limit the possibility of migration through packaging and 
contamination of food products. The use of a laminate structure to separate the 
polyviologen from the food product would also decrease the risk of contamination.
Polyviologens were synthesised with either the bromide or the tosylate anion in 
acetonitrile solvent. When polyviologens were synthesised with the tosylate anion the 
polymers had higher degrees of polymerisation compared to when bromide was the 
counter ion. For example, the degree of polymerisation of PBV-OTs was 14 compared to 
3 for PBV-Br which equates to molecular weights of 8477 g mol"1 and 1644 g mol"1 
respectively. This was due to the greater reactivity of the tosylate leaving group 
compared to bromide in Sn2 reactions (McMurry 2004). The tosylate counter ion also 
imparted greater solubility in organic solvents compared to the bromide ion, and this also 
had an impact on the final molecular weight of the product.
The solvent effect on molecular weight was also investigated. When PBV-Br was 
synthesised in DMF the degree of polymerisation increased to between 7 and 8, 
compared to 3 for when acetonitrile was the reaction solvent. However, the product had a
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higher polydispersity, as seen in variation in NMR peak integrations. The 
polydispersity equated to a molecular weight range of 3132-3504 g mol"1. When DMF 
was used to synthesise PpXV-Br no enhancement in molecular weight was seen. This 
suggests there are other factors affecting the molecular weight of this polymer, such as 
steric hindrance and reduced solubility associated with the p-xylyl group.
The synthesis of substituted 4,4’-bipyridine compounds was also attempted with the 
objective of producing new viologen compounds with more anodic redox potentials, 
Chapter 3: Synthesis and Characterisation of Redox-active Viologens. When the 
substitution group was a nitro or amino group no substitution was shown to occur by 
NMR. This highlights a lack of reactivity of the 4,4’-bipyridine ring to both nucleophilic 
and electrophilic substitution even for 4,4 ’ -bipyridine-N,N ’ -dixoide. The attempted 
synthesis of 2,2’ -dicyano-4,4’ -bipyridine by conversion to carbamate, analogous to 
production of 2-cyanopyridine (Fife 1983), was also unsuccessful. 2,2’-dicyano-4,4’- 
bipyridine was synthesised by reaction of 4,4’-bipyridine-N,N’-dimethoxide with 
potassium cyanide. The anodic potential viologen dicyanodimethylviologen dimesylate 
was synthesised from this disubstituted 4,4’-bipyridine compound (Fielden and Summer 
1974).
7.1.2 Electrochemistry of Polyviologen Compounds
The polyviologens synthesised in Chapter 2: Synthesis and Characterisation of 
Polyviologens and dicyanodimethylviologen dimesylate synthesised in Chapter 3: 
Synthesis and Characterisation of Redox-active Viologens, were analysed by cyclic 
voltammetry in Chapter 4: Cyclic Voltammetry of the Polyviologens. As these 
compounds were to be incorporated into oxygen indicators it was important to understand 
their redox chemistry. In an oxygen indicator application it is the E l reaction that is of 
interest as this reaction relates to the distinct colour change due to the production of the 
monocation radical.
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Cyclic voltammetry was measured against a Ag/AgCl reference electrode and values 
were corrected to NHE by the addition of 199 mV. This allowed some comparison of the 
redox potentials obtained here with potentials quoted in the literature. The samples were 
investigated in aqueous solution with either potassium bromide or sodium tosylate as the 
electrolyte.
The E l redox reaction was seen to be only pseudo-reversible for some of the 
polyviologens, shown by variations in peak currents in subsequent scans, such as for 
PPV-Br and dEp of the polyviologens not equally 59 mV as expected for a reversible one 
electron process. The dEp values of the polyviologens varied between 43 and 192 mV. 
This variation from classical reversible behaviour is possibly due to decreased solubility 
of the reduced monocation radical of the polyviologens in aqueous solution which leads 
to adsorption onto the electrode. PBV-Br showed greater reversibility. Large values of 
dEp were obtained for PBV-OTs and PHV-OTs when they were analysed with the 
sodium tosylate electrolyte and this was attributed to limited migration of the tosylate 
anion.
When scans were taken to include the E2 redox reaction, the reversibility of the E l redox 
reaction was adversely affected seen by decrease in peak currents and greater dEp. 
Deposition of insoluble neutral quinoid species in aqueous solution creates a diffusion 
barrier between the electrode and the electrolyte. During the oxidation process when the 
neutral polymer is converted to the monocation species, an anion has to migrate through 
the precipitate to associate with the cation. Repeated cycles showed lower peak currents 
and decreased reversibility due to fouling of the electrode as the deposit built up on the 
electrode.
In the electrochemistry of the poly(butylviologen) synthesised with different degrees of 
polymerisation by anion and solvent effects there was little change in E l0’. The E l° ’ of 
poly(butylviologen) when the degree of polymerisation equalled 3 was -229 mV, 7-8 was 
-234 mV and 14 was -218 mV. These experiments have suggested there is no significant 
effect on E l° ’ due to the molecular weight of the polyviologens, which agrees with
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previous work (Sato and Tamamura 1979). There was however an increase in I(Epc) and 
I(Epa) which is possibly due to the larger number of redox centres present in the polymer 
chain, and are therefore in the vicinity of the electrode. However, this could also be due 
to sample preparation.
The cyclic voltammetry of dicyanodimethylviologen dimesylate synthesised in Chapter 3: 
Synthesis and Characterisation of Redox-active Viologens, showed a reversible E l0’ of 
63 mV, with dEp of 75 mV. This is an anodic shift compared to unsubstituted 
methyl viologen, -420 mV. When the E2 redox reaction was investigated the reversibility 
of the system was adversely effected, seen by a hump on the E2 oxidation peak and 
decrease in I(Epa) of E l. The E l0’ of 63 mV was slightly lower than in the literature, 
however, it was still significant for investigation into oxygen indicators with higher 
tolerances to atmospheric oxygen.
7.1.3 Oxygen Indicators
The next objective of this project was to incorporate polyviologens into example oxygen 
indicators such as UV photocatalysed reduction triggered indicators based on the 
Strathclyde system, Chapter 5: Viologen and Polyviologen Based Oxygen Indicators. 
The electrochemistry of PBV-Br and PpXV-Br showed better reversibility, Chapter 4: 
Cyclic Voltammetry of the Polyviologens, and so these electrochromes were trialled in 
the Strathclyde system as example polyviologens. The UV photocatalysed reduction 
activation step was demonstrated and oxygen indicators based on polyviologens were 
shown to produce bright colouration when exposed to UV light. When subsequently 
exposed to oxygen the colour reversed back to the colourless state. Oxygen indicators 
with methylene blue required 4 times longer UV exposure for complete activation 
compared with those with polyviologen. This is significant as oxygen indicators based 
on polyviologens could therefore be used when sensitivity to UV for food is an issue, 
such as limonene (Nguyen et a l 2009), lipids in milk (Cladman 1998) and glycoalkaloid 
toxins in potatoes (Percival 1999).
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To further increase the efficiency of the reduction step different grades of titanium 
dioxide were investigated for their ability to reduce PpXV-Br. Of the commercial 
titanium dioxide grades investigated Degussa P25 showed the greatest colouration of this 
polyviologen suggesting that it was the most efficient photocatalyst for the reduction of 
PpXV-Br in Strathclyde type systems. This is due to a large proportion of the anatase 
phase, which is a more efficient UV catalyst compared to the rutile phase. Sol-gel 
titanium dioxide samples were synthesised to investigate the photocatalytic reduction of 
nano dimensioned titanium dioxide. Titanium dioxide synthesised from titanium 
tetrachloride didn’t produce a nano dimensioned titanium dioxide sample. Oxygen 
indicators produced from this titanium dioxide showed a decrease in reduction efficiency, 
as expected due to the large particle size. Nano dimensioned titanium dioxide produced 
from titanium tetraisopropoxide was incompatible with the Strathclyde formulations due 
to suspected cross linking of the polymer binders. Oxygen indicators using a sample of 
milled Degussa P25 showed less colouration of the indicator compared to unmilled 
Degussa P25explained This could be due to interactions of the dispersant with the 
titanium dioxide, either acting as a diffusion barrier or interacting with excited electrons 
within the semiconductor and therefore preventing the reduction of the polyviologen.
It was established that the methylene blue based Strathclyde system was not a perfect 
oxygen indicator. Due to reduced methylene blues high sensitivity to oxygen at very low 
oxygen concentrations this indicator could not be used in MA packages where an oxygen 
scavenger was to be used. When a package is filled with a MA gas adventitious oxygen 
is inevitable; residual oxygen is gradually removed by action of an oxygen scavenger. A 
Strathclyde indicator based on methylene blue would interact with this residual oxygen 
and irreversibly display the presence of oxygen before the scavenger has time to react. 
There are also applications where higher levels of oxygen are allowable, i.e. for food 
products that are relatively more stable to oxygen but where it is still an issue for shelf 
life such as avocados packed at 2-5% oxygen and chilli peppers packed at 5% oxygen 
(Sandhya 2010). Redox dyes with more anodic potential could be used to produce 
Strathclyde type indicators that showed decreased sensitivity to low concentrations of 
oxygen due to the stability of the reduced electrochrome form. Anodic E l° ’ dyes,
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thionine and dicyanodimethylviologen dimesylate, were incorporated into Strathclyde 
oxygen indicators. Thionine in the indicator formulation was seen to detect oxygen when 
the concentration was above 2.25% oxygen but below 4.00%.
The dicyanodimethylviologen dimesylate oxygen indicator showed an even higher 
stability to low concentrations of oxygen and the reduced dye was still present at 4.00%. 
This represents a significant contribution to knowledge as this novel oxygen indicator 
could be used in MA food packaging applications where previously reported oxygen 
indicators would be inappropriate, such as where oxygen concentrations up to 4.00% are 
permissible or when oxygen scavengers are used to gradually decrease oxygen 
concentrations to below 1.00%. There was a gradual increase in transmission for the dye 
as the oxygen concentration increased this suggests the possibility that this oxygen 
indicator could also be used to quantitatively measure oxygen.
7.1.4 HPP Indicators
Also within the original aim was the scope to produce other smart packaging and so an 
initial investigation into HPP indicators was carried out in Chapter 6: High Pressure 
Pasteurisation Indicators. To overcome some of the negative effects associated with high 
temperature pasteurisation, HPP is finding increasing use for treating food products 
(Polydera 2003, Rastogi et al. 2007). Associated with this, there is a need for the 
production of a HPP indicator that could be used to indicate that the product has been 
successfully processed. An ideal HPP indicator would display an irreversible colour 
change after it has been treated to a typical HPP regime such as increased pressure to 600 
MPa with a dwell time of 5 minutes.
A literature search was carried out and a wide range of piezochromic materials were 
identified, however the pressures they are sensitive to are above or below the 600 MPa 
range required for an effective HPP indicator. Novel work was carried to produce a 
piezochromic material suitable for the HPP application. The derivative of 1,3,6,8- 
tetraphenylpyrene, Figure 6.4, is particularly interesting as it requires recrystallisation or
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heating to -111 °C to reverse the piezochromic change (Sagara et a l  2006). The change 
of colour from white to yellow does not show good contrast but there is a more distinct 
change in fluorescence. The change occurs at low pressure so further derivation to 
increase the metastable state and decrease pressure sensitivity is required. Increasing the 
hydrogen bonding between the alkyl chains has been suggested as a possible route to 
stabilise the “low” pressure packing confirmation.
A target molecule related to the 1,3,6,8-tetraphenylpyrene compound above but with 
perylene as the core was proposed to produce a pressure induced visible colour change. 
An initial reaction scheme, Figure 6.6, was proposed to produce this target material from 
PTCA. Direct reaction of PTCA with aminoisophthalic acid failed to produce the desired 
diimide product due to the limited solubility of PTCA. The reaction scheme was revised 
and PTCA reacted with ammonia in a high pressure reaction vessel to produce PTCI. 
Initial reactions of PTCI with aminoisophthalic acid and dimethyl-5 -bromoisophthalate 
failed to produce the desired products. This work represents an initial feasibility study 
into the possible production of a novel HPP indicator based on PTCA for use in the food 
industry.
7.2 Future work
7.2.1 Polyviologen and Viologen compounds
Polyviologens with higher molecular weight are desirable to minimise migration in food 
packaging and mitigate potential toxicity hazards. The solvent effect using DMF in the 
synthesis of PBV-Br showed promising results. Further work would involve preparation 
of other polyviologens with DMF to see if the molecular weight was also increased for 
these polymers. This is especially true for the polyviologens with the tosylate anion 
which showed greater molecular weights compared to when bromide was the anion 
synthesised in acetonitrile. Other polar aprotic solvents which would be of interest to 
produce high molecular weight polyviologens by the SN2 reaction are DMSO and HMPA 
(McMurry 2004).
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A larger range of polyviologens with a range of molecular weights could be used to 
further investigate the effect the degree of polymerisation has on the electrochemistry of 
the polyviologens, such as variation on E l° ’ potentials and enhancements of I(Epc) and 
I(Epa). Future work could also include repeats of cyclic voltammetry analysis of the 
polyviologens using a reference incorporated into each sample so that drift of Epa and 
Epc can be accounted for due to instability of the system. Ferrocyanide is often used as 
an internal reference, however, there is the possibility of interaction with the cation 
polyviologens as ferrocyanide is anionic. Alternatively, a ferrocyanide sample could be 
run before and after each sample to account for system instability and possible drift of 
electrode potentials.
7.2.2 Oxygen Indicators
As the nano dimensioned titanium dioxide synthesised in this project was not compatible 
with the oxygen indicator formulations the effect of nano dimensioned titanium dioxide 
on the photocatalytic reduction of the electrochromes could not be carried out. Other 
grades of titanium dioxide could therefore be incorporated into oxygen indicators to 
determine if the reduction step can be made more efficient. Degussa P25 milled without 
a dispersant could also be trialled, although reagglomeration of the particles without a 
dispersant would be an issue. Milled samples of Degussa P25 with other dispersants 
could also be incorporated into oxygen indicators as the problems here could be specific 
to the dispersant used.
The method of control of oxygen concentration was not ideal, as the concentration 
increased as a factor of time, i.e. as oxygen migrated through the laminate into the MA 
pouch. Future investigations would benefit from alternative methods of control of the 
oxygen concentration, such as glassware flushed with nitrogen with known 
concentrations of oxygen. The indicators could also be analysed in real MA packaging. 
This method could also be used to determine life times of the oxygen indicators and 
possible light fastness of the dyes in the reduced state.
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Final formulation of an oxygen indicator based on dicyanodimethylviologen dimesylate 
is required to produce a commercial oxygen indicator which could be printed using 
industrial printing processes during the MA process. Determination of the toxicity of 
dicyanodimethylviologen dimesylate is also important before these oxygen indicators can 
be fully commercial. Dicyanodimethylviologen dimesylate may not be as toxic as 
methylviologen due to its anodic redox potential and the decreased reactivity of the 
reduced radical species. The herbicidal activity of simple viologens was seen to decrease 
with anodic shift of the El%, shown in Figure 1.5. Dicyanodimethylviologen dimesylate 
could also be incorporated into a polymer chain, either as an ionene polymer, or 
pendantly attached to another polymer such as poly(methyl methacrylate) which would 
decrease the possibility of migration from the food packaging.
Other positive redox potential electrochromes could be used to produce oxygen indicators 
with a greater range of oxygen concentrations. These could then be used to produce a 
combined indicator that could be used to produce a semi quantitative colorimetric oxygen 
indicator. A table of anodic potential dyes can be seen in Table 5.1. 2,6-dichlorophenol 
indophenol has been used previously in a Strathclyde system to produce a colour stable in 
oxygen, which has been used to produce a UV irradiation detector (Mills and McGrady 
2008). This would suggest a useful oxygen indicator would have an E l° ’ more cathodic 
than 217 mV, and more anodic than 11 mV.
7.2.3 HPP Indicators
Chapter 6: High Pressure Pasteurisation Indicators investigated the possible production of 
a novel HPP indicator for use in the food industry based on PTCA. Significant further 
work is required to produce a commercially viable device. Previous methods to produce 
imides of PTCA have used 1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic 
bisanhydride as the reactant, however it was not practical to synthesise this compound in 
this case (Chen et a l 2007, Osswald and Wiirthner 2005) Further experimentation to 
functionalise PTCA and PTCI is needed but is outside the scope of this project. Possible
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routes could involve the reaction of sodium naphthalate or potassium benzophenone with 
PTCI.
Future HPP indicator studies could investigate the 1,3,6,8-tetraphenylpyrene compound 
(Sagara 2006, de Halleux 2004). This compound is known to exhibit a change in 
fluorescence rather than a strong change in the visible colour spectrum, this could be 
beneficial as a covert HPP indicator analysed by processing staff. Investigation into the 
nature of the side chains and their effect on packing conformations would be useful to 
design a compound that exhibits a piezochromic change at higher pressures suitable for 
HPP.
7.3 Final Conclusions
Progress was made towards the achievement of the aim of the project. The main 
contribution to knowledge of this project was the production of an oxygen indicator based 
on dicyanodimethylviologen dimesylate which can be used to detect the presence of 
oxygen at 4.00%. However future work is required before the oxygen indicator would be 
commercially viable, such as toxicity analysis and oxygen concentration analysis in real 
MA packaging. Another major success was the investigation of the molecular weight of 
the polyviologens and the use of the tosylate counter ion and DMF as the reaction solvent 
to increase the molecular weight.
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